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Triassic-Jurassic boundary and the end of the
Jurassic. More recent dating of zircons from
eclogitized gabbros and meta-rodingites, using
the U/Pb method with SHRIMP together with a
cathodoluminescence study, distinguished some
areas inside these small crystals with idiomorphic
edges and oscillatory zoning, indicating their
igneous origin, as well as other lighter areas with
irregular  edges, apparently caused by
metamorphic recrystallization of igneous zircons
(Fig. 1). The dating of the igneous borders of
zircons yields a Lower to Middle Jurassic
boundary age (190 to 180 m.a.) for crystallization
of the basic protolith, which would correspond to
the start of ocean floor accretion (Figs. 1 and 2).
The recrystallized areas give two groups of less
well-defined ages — one Late Jurassic (155 to
150 m.a.), possibly corresponding to a stage of
ocean-floor metamorphism, and another ranging
from the Late Cretaceous to the Paleocene (90
to 60 m.a.), corresponding to the eoalpine
metamorphism that transformed the igneous
lithotypes into eclogites (Figs 1 and 2). The
mesoalpine and neoalpine metamorphic events
caused very little recrystallization in the zircons
of these metabasites dated using the U/Pb method
with SHRIMP.

The petrological, geochemical and
geochronological similarities between the BOA,
the Alpine-Apennine ophiolites and the
magmatism of the Mid-Atlantic Ridge occurring
at some points from the Jurassic to the present,
suggest that the Betic ophiolites could have
originated along a stretch of oceanic floor
joining the western Tethys and the central
Atlantic Ocean during the Jurassic. This
hypothesis concurs with and supports some
paleogeographic reconstructions of the western
Tethys for the Mesozoic (Bortolotti & Principi,
2005, among others). Some slices of the Betic
ocean floor were tectonically imbricated with the
crustal units forming its continental margins
during and after ecoalpine subduction and
exhumation (Fig. 2), forming the present stacking
of tectonic units known as the Mulhacen
Complex.
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Fig.1. SHRIMP U-Pb dating of zircons in ophiolitic
eclogites
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The peridotitic rocks from the Alpine-Apennine
ophiolites of the Ligurian Tethys record a history of
continental lithosphere extension (already active
during Triassic times) leading to whole lithosphere
failure, breakup and initiation of seafloor spreading
in the Late Jurassic. During extension, the
asthenosphere underwent decompression partial
melting. The resulting melts percolated upwards
and interacted with the overlying subcontinental
mantle. The evidence for melt/rock interaction
processes is widespread in the mantle peridotites
wich were subsequently exposed on the seafloor of
the Ligurian basin.

Melt percolation was accompanied by a
temperature increase in the lithospheric mantle. A
first-order model of this process has shown that
this heating episode, and the consequent
thermomechanical erosion of the lithosphere, has
important rheological implications. The decrease
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in Total Lithospheric Strength (TLS) can be up to
1 order of magnitude if the thermomechanical
erosion affects a significant thickness of the
overlying lithospheric mantle. If the thermal
pulse is assumed to be essentially instantaneous
on the geologic time scale (which requires an
important heat advection component), the
decrease in TLS is achieved in a few million
years, after which the TLS recovers its initial
value with a characteristic time of 10-20 Ma.
Although the original model assumes conditions
of pure shear, conditions of simple shear (in which
extension is taken up along translithospheric shear
zones) do not alter significantly the estimate of
TLS decrease. The rapid thermomechanical
erosion of the lithospheric mantle and the
consequent lithosphere softening can therefore be
an important factor in the continental
extension/oceanic spreading transition.

Several other hypotheses have been proposed to
account for whole lithospheric failure, initiation of
seafloor spreading, and formation of (both volcanic
and nonvolcanic) passive margins. Most of them
share the idea that the failure of the lithosphere is
caused by a significant decrease in TLS. However,
they differ on the processes leading to this decrease.
Thermal effects usually figure prominently, as in
the softening consequent upon heating of
lithospheric mantle by plume heads, and in the role
assigned to shear heating. Mechanical effects are
usually related to some form of strain localization.
Combination of these effects via some positive
feedback mechanisms are also assumed to play an
important role in some models.

A critical comparison of these models from the
rheological viewpoint shows that the classical
concept of strength envelope, based on two
deformation mechanisms (frictional failure and
power-law creep), conditions of pure shear, and
constant strain rate, is only a first approximation
to natural conditions. Although various
improvements (for instance, high-pressure failure,
transient changes in the geotherm, occurrence of
shear zones) can be introduced, all models of
lithosphere softening ultimately differ on the
postulated location of the primary process of
lithosphere softening: either the lithospheric
mantle or the crust. For a range of initial
conditions in continental lithosphere (that is,
excluding ares with very high geothermal
gradients), the lithosphere has two load bearing
layers, located in the crust and in the upper
mantle, and the latter makes a significant
contribution to the TLS value. Except in cases
where the initial structure is already very soft,
therefore, whole lithospheric failure must involve
a significant softening of the lithospheric mantle.
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At Mt. Moncuni, a satellite body of the South
Lanzo peridotite massif (Western Alps), ophiolitic
plagioclase peridotites and early MORB gabbroic
dykes are deformed by extensional shear zones. The
tectonite-mylonite peridotites of the shear zones
show  syntectonic ~ metamorphic  neoblastic
assemblages under plagioclase-peridotite-facies,
amphibole-peridotite facies and amphibolite-facies
conditions. The cataclastic bands contain mm-cm-
wide, dm-m-long veins of extremely fine-grained
fault-vein pseudotachylytes concordant with the
shear foliation. Dm-wide, m-long injection-vein
pseudotachylytes are rooted in the shear zones and
intruded the host deformed peridotite. Later MORB
porphyritic mafic dykes cut across shear zones and
pseudotachylytes.

The matrix of the larger, dm-wide injection veins is
crystallized to spinifex-type textures, formed by
radial aggregates of elongated orthopyroxene
crystals enclosing and surrounded by microgranular
olivine. The orthopyroxene laths are borded by a
clinopyroxene rim. Pseudotachylyte bulk rock
composition is peridotitic and the bulk rock Cl1-
normalized REE patterns are variably fractionated
in LREE and almost flat in the MREE-HREE
region (at 2-3 x C1). Discordant pseudotachylite
veins show bulk rock peridotitic composition (SiO2
=42.9-443, Alp03 =2.4-3.8, CaO =2.3-3.1, MgO
= 39.4-41.9 wt%). Bulk rock Cl-normalized REE
patterns are almost flat in the MREE-HREE region
(Er up to 2xC1) and variably LREE-fractionated
(Cen/Smy = 0.22-0.68), plotting within the field of
the impregnated plagioclase peridotites of South
Lanzo.

Mylonitic peridotites in the shear zones are
composed by Mg-rich olivine (Fo 89-90) and
pyroxenes (orthopyroxene Mg# 90, clinopyroxene
Mg# 88-92) and An-rich plagioclase (An 75-82).
Spinels are significantly enriched in Ti (TiO, 0.27-
0.99% wt%) with respect to mean mantle
peridotites, stressing the impregnated character of
the plagioclase peridotite protoliths. Amphiboles
developed within the shear zones. Mg-hornblendes
in  equilibrium with the plagioclase-facies
assemblages and hornblendes-tremolites replacing
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clinopyroxenes and olivine, in equilibrium with
rather sodic plagioclase.

Pseudotachylyte minerals are characterized by
peculiar major element compositions. Olivine is
highly magnesian (Fo 91-92) and shows unusually
high contents of Al (ALOs; up to 0.17 wt%), Cr
(Cr,03 0.09-0.4 wt%) and Ca (CaO 0.21-0.39 wt%).
Orthopyroxenes are Mg-rich (Mg# 89-93) and show
very high Ca (CaO up to 2.03 wt%) contents.
Clinopyroxenes are Mg-rich (Mg# 88-90) and show
unusually high Al (Al,O; sporadically up to 14.5
wt%) and Ti (TiO, up to 1.86 wt%) contents.
Thermometric ~ estimates  give  very  high
temperatures (up to 1236°C) in the injection vein
pseudotachylytes. Some orthopyroxene crystals
very close to the contact with an injection
pseudotachylyte vein have very high Ca contents
(CaO 2.79-3.34 wt%) that give very high
temperature estimates (1315-1430°C): they most
probably indicate the thermal regime locally
induced in the host rock at the time of
pseudotachylyte injection.

The above data indicate that pseudotachylytes
originated by localized, nearly complete melting
of the host peridotite. The spinifex textures
denote very rapid crystallization of the ultramafic
melt.

The ultramafic pseudotachylytes of the Lanzo
Massif are evidence of upper mantle seismicity at
shallow depth (P < 0.5 GPa) during lithosphere
extension related to the formation of the Ligurian
Tethys. The ductile shear zones containing the

pseudotachylytes formed at 7' ~ 900 ©C and
predate  pseudotachylyte  formation.  The
maximum age of the ductile shear zones is
constrained by the age of pre-existing MORB
gabbroic dykes (aboutl60 Ma). Near-total
frictional melting of the ambient peridotites

occurred at low temperatures (7 ~ 500-600 ©C)
during exhumation and lithospheric thinning. It is
not possible to determine the number of
pseudotachylytes generated by each seismic
event, nor the associated displacements. However,
related evidence suggests that (i) fault-vein
thickness is not a reliable indicator of
displacement, and (ii) once melting occurs, the
local nonlinear viscous shear resistance is orders
of magnitude less than the frictional shear
resistance.

An estimate of the total volume of pseudotachylytes
can be used to infer the cumulative seismic energy
and moment of the associated earthquakes. The best

possible estimate at present is of the order of 107
m3, corresponding approximately to a total seismic

moment of 10 N m. The seismic energy release
rate can be evaluated if the duration of seismic

activity can be estimated. The presence of a second
generation of MORB mafic dykes, following the
emplacement of the first generation and the
formation of shear zones, and simple exhumation
scenarios, suggest a duration < 10-20 Ma. If this
estimate is correct, the annual seismic energy
release rate during the opening of the Ligurian
Tethys was within the range of present-day values
at divergent plate boundaries.
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The Zermatt-Saas Zone is a remnant of the
Piedmont- Ligurian oceanic lithosphere, trapped
in the suture zone of the Western Alps as a
consequence of the Alpine subduction and
collision and separated from the Combin Zone by
a major extensional fault (e.g Sartori & Thelin,
1987; Ballevre & Merle, 1993). The separation
between the two units was based both on
lithostratigraphic (e.g. Bearth, 1967; Marthaler &
Stampfli, 1989) and on metamorphic ground (e.g.
Caby et alii, 1978; Dal Piaz, 1974; Kienast,
1983). Structural analysis has been performed in
a portion of the lowermost unit, the Zermatt-Saas
Zone, which mainly consists of mafic and
ultramafic rocks of oceanic derivation and is well
known for its high- and ultrahighpressure mineral
assemblages (e.g. Chinner & Dixon, 1973; Ernst
& Dal Piaz, 1978; Reinecke, 1991; Xu-Ping et
alii, 2004). Zermatt-Saas eclogites generally
recorded high-pressure mineral assemblages
formed by omphacite-garnet-chloritoid-talc-
zoisite or omphacite-garnet-kyanite- clinozoisite
+ talc (e.g. Barnicoat & Fry, 1986); eclogites are
retrogressed into epidote amphibolites + garnet.

The investigated rocks are mainly serpentinites
and rodingites, with minor metagabbro and
chlorite-schists. The mesostructural analysis
allowed recognition of four groups of superposed

ductile structures of which three are syn-
metamorphic.
Both D1 and D2 are correlated to the
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development of high pressure parageneses.
Mineral and textural relics older than these
phases have been recognised and are correlated to
the serpentinisation and rodingitisation processes
ascribed to oceanic metamorphism.

S1 is a relic foliation recorded only in rodingite
dykes and lenses, preserved in the millimetre
thick microlithons of D2 crenulation cleavage
and as internal  foliation of  garnetl
porphyroblasts; it is marked by pyroxene and
amphibole SPO.

S2 is the dominant fabric in rodingites and
metagabbros; in rodingites it is underlined by
alternating chlorite- and amphibole-layers and
trails of small garnetIl.

D3 structures are the most pervasive in
serpentinites and gabbros, consist of a
crenulation cleavage type foliation associated
with open metric folds and are correlated to post-
P peak greenschist facies retrogression. S3 in
serpentinites is marked by serpentine and
amphibole and wraps around amphibole I and II.
Both S2 and S3 affect the reaction rim underlying
the serpentinite and rodingite boundaries, which
consists of chloritic schist.

The last group of ductile structures is D4 metric
open folds with a sub-horizontal axial plane.

A PTtd path has been inferred for the studied
rocks and our data suggest that adjacent portions
of the Zermatt-Saas zone may have undergone
different metamorphic evolutions. Furthermore,
the coupling of stuctural analysis with
petrologic investigation is the only tool that
permits to define the high pressure parageneses
that develop in rodingitic dykes of the Zermatt-
Saas zone.
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The Internal Liguride ophiolites from Northern
Apennine represent an intra-oceanic domain of the
Middle to Upper Jurassic Ligure-Piemontese basin.
These  ophiolites  are  characterized by
morphological highs made of gabbroic rocks
preserving intrusive relations with mantle
peridotites (Cortesogno et al. 1987). The gabbroic
plutons consist mostly of coarse-grained to olivine-
gabbros and contain, at different stratigraphic levels,
sill-like lenses (tens of meters thick and hundred of
meters long) of olivine-rich troctolites.

The olivine-rich troctolites are mainly composed of
olivine  (generally 70-90 vol%), anhedral
plagioclase, minor poikilitic clinopyroxene and
accessory spinel. The olivine-rich troctolite bodies
locally contain plagioclase-clinopyroxene veins
(mm- to cm-scale in thickness) showing diffuse
margins against olivine-rich troctolite and irregular
pods (mm- to cm-scale in thickness and up to 1 dm
in length) showing high modal percentages of
spinel within plagioclase. Rare, cm-scale spinel-
bearing dunitic clots are also present within the
troctolite bodies. One of the studied olivine-rich
troctolite lenses shows a meter-scale layer
displaying a “harrisite” pegmatoid texture, in which
huge skeletal olivines (up to 30 cm) are intergrown
with plagioclase (Bezzi and Piccardo 1971). In
addition, the olivine-rich troctolites locally contain
chromitite-anorthosite and troctolite-anorthosite
levels (up to tens of centimeters thick), with sharp
contact and commonly characterized by modal
layering.

Within the olivine-rich troctolites, olivine (Foggs.gs)
locally shows embayed shape against plagioclase,
thus indicating its corrosion by a migrating melt
that caused precipitation of plagioclase (+
clinopyroxene =+ amphibole). Spinel has Cr#
varying from 57 to 39 and relatively high TiO, and
Fe’* contents (up to 3.8 wt% and 0.29 apfu,
respectively). Accessory Cr- and Ti-rich amphibole
is locally present, between plagioclase and olivine,
as rim around spinel and as inclusion within spinel.



Abstracts

Other silicate inclusions in spinel are Cr- and Ti-
rich  (Na-)phlogopite, Al-poor orthopyroxene;
Mg/Mn rich-ilmenite and loveringite were also
found (see also Cabella et al. 1997).

The occurrence of these inclusions in spinel
suggests the involvement of alkaline hydrous melts
in the petrogenesis of these rocks.

Clinopyroxene cores (Mg# 90-88) from the olivine-
rich troctolites have an incompatible element
signature similar to that of MORB-derived
clinopyroxenes. The quite constant amounts of
Cr,05 (1.0-1.5 wt%) in clinopyroxene and NiO
(0.2-0.3 wt%) in olivine argue against an origin of
studied rocks by accumulation of olivine and minor
spinel in relation to cooling of primitive basaltic
melts. In addition, this origin does not match with
the lack of a positive covariation between the
forsterite content in olivine and the Cr# in spinel.
Mineral inclusions within spinel and irregular
plagioclase-clinopyroxene veins imply that the
olivine-rich troctolites formed under open-system
conditions. The rocks considered in this work may
thus represent reaction products between spinel-
bearing dunites and evolved migrating MORB, in
accordance with the recent hypotheses proposed for
the origin of olivine-rich troctolites from the
Atlantis Massif (MAR 30°N; Suhr et al. 2008 and
Drouin et al. 2009).

References

Bezzi A, Piccardo GB (1971) Mem Soc Geol It 10:
53-63

Cabella R, Gazzotti M, Lucchetti G (1997) Can
Mineral 35: 899-908

Cortesogno L, Galbiati B, Principi G (1987) Ofioliti
12: 261-342

Drouin M, Godard M, Ildefonse B, Bruguier O,
Garrido CJ (2009) Chem Geol 264: 71-88

Suhr G, Hellebrand E, Johnson K, Brunelli D
(2008) Geochem Geophys Geosyst 9: Q10007

NEW STRUCTURAL AND PETRO-LOGICAL
DATA ON THE OPHIOLITES FROM
NORTHERN CORSICA

Alessio Sanfilippo (1), Riccardo Tribuzio (1),
Riccardo Vannucci ®

@ Dipartimento di Scienze della Terra, Universita di
Pavia. Via Ferrata 1, 27100 Pavia. Italy, @
Dipartimento di Scienze della Terra, Universita di
Pavia; C.N.R. - Istituto di Geoscienze e Georisorse,
Unita di Pavia Via Ferrata 1, 27100 Pavia. Italy

The ophiolites from Balagne region in Northern
Corsica commontly do not show the high

pressure/low temperature metamorphism related to
the Alpine orogeny. These ophiolites were
attributed to an ocean-continent transition towards
the paleo-European continental margin of the
Middle-Late Jurassic Ligure-Piemontese basin
(Marroni and Pandolfi 2003; Duran Delga et al.
2005; Bracciali et al. 2007). This work wishes to
define the deep structure of this ocean-continent
transition and give insights into the rifting processes
that led to the opening of the basin. Here we present
new preliminary data on structure and composition
of three large-scale ophiolitic  sequences
representing the mantle, the gabbroic crust and
volcano-sedimentary cover (Serra-Debbione, Pineto
and Navaccia, respectively).

The mantle sequence of Serra Debbione consists
mainly of peridotites (~400m-thick) displaying a
spinel-facies foliation. These peridotites record a
re-equilibration under plagioclase-facies
conditions and are locally intruded by gabbroic to
basalt dykes; there are also up to decametre-scale
bodies of Mg- to Fe-rich gabbro. Basalt flows and
breccias deposits on the top of the peridotite
sequence were also recognised, thus showing the
mantle exhumation at the seafloor.
The Pineto gabbro is exposed for ~10 km2 and is
topped by a thin discontinuous basalt flow, in turn
overlain by a thin radiolarite sedimentary cover.
The gabbroic sequence may be subdivided into two
stratigraphically distinct Units. The Lower Unit
(~800m thick) consists mainly of troctolites and
minor olivine-gabbros. Modal and/or grain size
layering in the Lower Unit is well developed, as for
instance shown by the frequent occurrence of
pegmatoid clinopyroxene- to olivine-rich levels,
and roughly parallel to the stratification in the
sedimentary cover. The Upper Unit (~800m thick)
is mostly made up of coarse-grained clinopyroxene-
rich gabbros, with a weak modal/grain size layering.
Both unit are locally crosscut by basalti dykes with
N-MORB geochemical signature (Saccani et al.
2008). In addition, the sequence contains a ~100m
thick body of foliated mantle peridotites, locally
crosscut by gabbroic dykes, near the transition zone
between the Lower and Upper Units. Decametre-
scale bodies of mantle peridotites occur also within
the Lower Unit.

The Navaccia sequence is ~600m thick succession
that is mainly constituted of pillows basalt flows,
locally interlayered with massive lava flows and
levels of sedimentary polygenic breccias (both up
tens of metres in thickness). The pillow lavas
commonly lack variolitic structures, while vesicles
filled with calcite have been locally found. The
basalts record a variation in the geochemical
signature, from T-MORB to N-MORB towards the
top of the succession (Saccani et al. 2008). The
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sedimentary breccias occur in the lower portion of
the volcanic sequence and include up to metre-scale
fragments of Fe-gabbros and albitites (partially
recrystallised) and clinopyroxene-rich gabbros
associated with a stratified quartz- and feldspar-
bearing matrix most likely retaining a component of
continental origin. In the Navaccia sequence, we
did not find evidence for a gabbro-peridotite
basement below the volcano-sedimentary cover.
Intrusive rocks were recognised in a tectonic slice
(Moltifao), which is juxtaposed on the southern
portion of the volcano-sedomentary sequence.
Moltifao slice is constituted of a 100m-thick
basement sequence, ranging in composition from
Fe-gabbro to albitite towards the stratigraphic top.
These intrusive rocks record a widespread
recrystallisation event under amphibolite facies
(hornblende + plagioclase) conditions and are
covered by pillow lava basalts. The tectono-
magmatic evolution recorded by the different
ophiolitic sequences considered in this study will be
compared to yield a preliminary outline of the
rifting process that gave rise to this portion of the
ocean-continent transition towards the paleo-
European continental margin.
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The Scogna-Rocchetta Vara ophiolite from the
Internal Liguride units of Northern Apennine
consists of two sequences, tectonically juxtaposed,
characterised by the lack of basalt lava flows
(Principi et al. 1992). The Scogna succession was
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interpreted as a paleo-morphological high and
consists mainly of a 400m-thick gabbroic body
(ranging in composition from olivine-rich troctolite
to clinopyroxene-rich gabbro) intruded into mantle
peridotites and overlain by a thin cover of breccias
and pelagic sediments. The Rocchetta Vara
sequence is made up of mantle peridotites intruded
by different gabbroic bodies and topped by a thick
sedimentary cover. This cover is continuous above
the gabbro-peridotite basement and composed of
breccias (with gabbroic clasts) followed by
radiolarian cherts. This work focuses on the
structure and petrology of the composite gabbro-
peridotite basement of the Rocchetta Vara
succession. In the northern portion, this basement is
constituted of a gabbroic pluton (up to 400m in
thickness) intruded into mantle peridotites. The
southern portion of the Rocchetta Vara basement
consists of mantle peridotites containing small
bodies (commonly metre-scale) of gabbros.

Two transects (1 and 2) were considered for the
northern portion of the Rocchetta Vara basement.
Transect 1 crosses the inner portion of the gabbroic
pluton, which consists mostly of coarse-grained
clinopyroxene-rich gabbros, and contain different
lenses (up to tens of metres in thickness) of foliated
plagioclase-bearing mantle peridotites. The gabbros
locally show high temperature recrystallisation in
ductile shear zones, which produced a foliation that
is nearly parallel to the basement-sediment contact
surface. Transect 2 is about 600m south-east from
transect 1. It intersects the lateral termination of the
gabbroic intrusion, which consists here of a close
association of  olivine-rich  troctolites and
clinopyroxene-rich gabbros. In addition, one ~50m
thick lens of foliated mantle peridotites occurs in
the upper portion of the gabbroic pluton. In both
transects 1 and 2, the mantle peridotites
stratigraphically overlying the gabbroic intrusion
have a plagioclase-bearing tectonitic to mylonitic
fabric. Similar to the mantle remnants within the
gabbros, the foliation of these peridotites is
perpendicular with respect to the contact surface
with the sedimentary cover. In addition, the mantle
exposures locally display metre-scale bodies of
replacive dunite, whose contacts are nearly parallel
to the peridotite foliation. There are also a few
gabbroic veins and bodies (up to 3m thick),
discordant to the foliation of the mantle peridotites,
that are elongated parallel to the mantle-
sedimentary cover contact.

Another transect (3) was analysed in the southern
portion of the Rocchetta Vara basement,
approximately 5 km south-east from transects 2
and 3. In this area, the mantle peridotites display
a plagioclase-bearing tectonitic to mylonitic
fabric and contain metre-scale bodies (up to 40
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vol%) of olivine-bearing gabbro. The peridotite
foliation is nearly perpendicular to the basement-
sediment contact, similar to transects 1 and 2, and
the abundance of the olivine-rich gabbro bodies
into the peridotites decreases towards the deeper
portion of the transect. In addition, there are
many replacive dunite bodies (decimetre- to
metre-scale in thickness) that contain oriented
spinel trails elongated parallel to the contacts
with the host peridotites. Both foliated
plagioclase-peridotites and replacive dunites are
crosscut by olivine-rich gabbro veins (centimetre-
scale in thickness).

The Rocchetta Vara mantle sequence records a
polyphase tectono-magmatic evolution. The
oldest deformation event is shown by relict,
spinel facies microstructures. The widespread
plagioclase-bearing fabric in the peridotites is at
high angle with respect to gabbroic sills and later
high-temperature foliation localised in the
gabbroic pluton. Taken as a whole, the structural
and compositional data from the Scogna-
Rocchetta Vara sequence show a close similarity
with the magma-starved sections from the Mid-
Atlantic Ridge (e.g. at 14°-16° N, Kelemen et al.
2007).
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GENESIS OF DATOLITE FROM SEA-FLOOR
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Datolite is a monoclinic calcium-boron hydrous-
silicate with ideal formula CaBSiO4OH). Its
structure consists of alternate sheets of SiO4 and
BO;OH tetrahedra, separated from each other by
sheets of atoms of Ca in eight-fold coordination
with six O and two OH ions. It is rather uncommon
and has become famous among mineral collectors

because of its tendency to form nicely faceted
prismatic crystals and nodular masses, frequently
characterized by centimetric size and glassy
transparency. Datolite is an intriguing mineral
representing a potential useful petrogenetic
indicator of the chemical-physical processes
prevailing during its crystallization, that generally
takes place a low temperature under hydrothermal
activity. Datolite is commonly found in cavities and
veins, especially in basalts and gabbros and more
rarely in granitic rocks, in skarns and in
metamorphic rocks.

In this contribution, several datolite samples from
veins crosscutting pillow basalt and gabbro from
different localities of the External Ligurides
ophiolites, located in the Northern Apennine
(provinces of Parma, Reggio Emilia and Modena,
Emilia Romagna region) have been investigated
with regard to mineral chemistry, volatiles behaviour
and fluid inclusion microthermometry (Zaccarini et
al. 2008). Datolite forms euhedral to subhedral
crystals reaching up to some centimetres in size.
Thin sections obtained from a single vein show a
symmetrical structure with coarse grained datolite in
the vein core, characterized by mosaic texture and
triple junctions, and palisade-like aggregates of
minute datolite crystals typically elongated normally
to the contact with the wall rock (Fig. 1A).

Electron microprobe analyses revealed that F and
Cl are always below detection limits, therefore
these two volatile elements were absent during the
formation of the analyzed datolite.

Bulk analyses of datolite crystals show REE
contents below chondritic, except for La and Ce.
With respect to host rock, datolite is occasionally
enriched in La, Rb, Cs, Be, and shows relatively
high contents of chalcophile elements (Cu, Zn, Pb,
Ni) when occurring in contact with sulfide-
mineralized basalt. Volatiles escaped during the
decomposition in the temperature range 600 and
700 °C. The main component is water. The
temperature maximum of water release is different
and frequently with a shoulder or a second
maximum. Together with water, sulfur species as
H,S and SO2 and traces of boron species escaped.
The CO; release by the decomposition especially of
datolite from Castellaro (Reggio Emilia) and Cinghi
(Modena) has a maximum in the range of 500-
580 °C and is different from the decomposition of
calcite. Two-phase (L+V) fluid inclusions texturally
identifiable as primary (Fig. 1B) and secondary
were observed, yielding average homogenization-
temperatures of 236 and 173 °C, respectively.
Paragenetic considerations and mode of occurrence
of datolite from ophiolitic basalts of the External
Ligurides indicate that the mineral precipitated
from hydrothermal fluids circulating through the
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ophiolitic rocks during some post-magmatic stage.
Hydrothermal activity took place at different steps,
under conditions varying from sub-oceanic to burial-
diagenetic and syn-orogenic, as testified by the
multi-phase  character  of  the  low-grade
metamorphism affecting the Northern Apennine
ophiolites. Therefore, relevant changes of the
physical and chemical characteristics of the involved
fluids are expected, reflecting alternative origin of
these fluids from: (1) modified seawater circulating
across the oceanic crust in sub-seafloor convective
cells, or (2) aqueous solutions expulsed from the
pore spaces of compacted and lithified sediments
during burial diagenesis. Calculated salinities
obtained for datolite are sensibly higher than values
obtained for freshwater, seawater, hydrothermal
systems or fluid emanated from magmas, and well
below the values obtained for low-grade
metamorphism and magmatic fluids, but they are
remarkably consistent with values obtained for
diagenetic fluids, characterized by above-seawater
salinities. This observation, coupled with the absence
of Cl in the studied datolite, suggests that seawater
was a minor component of the fluids responsible for
its precipitation. Distribution of trace elements
between datolite and host basalt indicates enrichment
with respect to the host rock limited to a few
elements such as La, Rb, Cs, Be, Ni, Cu, Zn and Pb.
The lithophile elements can be hosted in the datolite
lattice, whereas the chalcophile metals and Ni are
probably carried in sub-microscopic inclusions.

Fig.1 (1A) = Transmitted light microphotograph of
datolite. Scale bar is 500 mm.

(1B) = Primary fluid inclusions in datolite. Scale bar is
100 microns.
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CARBON AND SULFUR GEOCHEMISTRY
OF ANCIENT AND ACTIVE PERIDOTITE-
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COMPARISON OF LIGURIA, THE IBERIAN
MARGIN AND LOST CITY
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At slow and ultraslow mid-oceanic ridges and along
passive margins extensional processes and/or
crustal thinning lead to the exposure of ultramafic
rocks on the ocean floor resulting in
serpentinization and precipitation of carbonate in
open fractures. Serpentinization plays a major role
in the global marine bio-geochemical cycle and
accounts for an important part of the exchange of
sulfur and carbon between seawater and the oceanic
lithosphere. Opaque mineral assemblages and sulfur
and carbon isotope compositions strongly depend
on fluid flux and redox conditions prevailing during
serpentinization. Furthermore, reducing conditions
and the production of H,- and CHy-rich fluids
prevailing in these systems supports microbial
communities, with  sulfate-reducing, sulfur-
oxidizing and methane-oxidizing bacteria leading to
characteristic enrichments and depletions in sulfur
and carbon contents and their isotopes.

In this study, carbonate-veined serpentinites from
ophiolites in the Ligurian Apennines (Italy) were
analyzed for their sulfur mineralogy, sulfur and
carbon contents, and sulfur and carbon isotope
composition. These are compared to serpentinites of
an ancient peridotite-hosted hydrothermal system at
the Iberian passive margin and to the serpentinite
basement of the Atlantis Massif, a modern, active
low temperature hydrothermal system driven by
serpentinization processes near the Mid-Atlantic
Ridge. In the Ligurian serpentinites, oxygen and
carbon isotope compositions measured on total
inorganic carbon (TIC) reflect the incorporation of
carbonate from seawater at temperatures of up to
144°C. In  contrast, calcite precipitation
temperatures are significantly lower, between 12
and 27°C, at the Iberian Margin. Furthermore,
analyses of the inorganic carbon from the Iberian
Margin also indicate a strong influence of shear
zones on seawater circulation. Analyses of the non-
carbonate carbon at both places clearly show the
presence of carbon with a likely biologic origin,
with 8"*C-values typical for marine organic carbon.
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Total S contents of the Ligurian serpentinites are up
to 1000ppm, with strongly varying SO,/Stotal-ratios,
and bulk rock S isotope compositions that are
slightly to strongly depleted in **S. §**S-values of the
sulfides and sulfates indicate the influence of various
processes affecting sulfur geochemistry of these
rocks. In particular, negative & 'Ssulfide-values
indicate microbial reduction of sulfate and highly
depleted 34Ssulfate-compositions are indicative of
oxidation of microbially-produced sulfides. The
opaque mineralogy of the Ligurian serpentinites is
dominated by pyrite, pentlandite, millerite, magnetite,
and hematite, reflecting generally oxidizing
conditions during serpentinization. The opaque
mineral assemblages therefore indicate similarly high
fO,-conditions to those found at the Iberian Margin
(Alt & Shanks, 1998) and at the southern wall of the
Atlantis Massif, near the Lost City Hydrothermal
Field (Delacour et al., 2008a, b). However, the sulfur
isotope signatures of these systems indicate that a
large variety of processes affect sulfur cycling in
peridotite-hosted hydrothermal systems. In addition,
sulfur and carbon geochemistry clearly show the
presence of microbial activity during serpentinization
and that organic carbon may be incorporated or
produced within these systems.
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WHAT DOES SUB-CONTINENTAL
LITHOSPHERIC MANTLE LOOK LIKE
BEFORE IT IS INCORPORATED INTO
OCEANIC LITHOSPHERE DURING
CONTINENTAL EXTENSION AND RIFTING?
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The exhumation of sub-continental lithosphere
during continental rifting results in oceanic

crusttmantle (and ophiolites derived from them)
that is atypical of normal MORB-source mantle and
the crust that overlies it. This process has been
documented along the Iberian and Newfoundland
passive margins, and in ophiolites preserved in the
alpine realm. In order to understand the differences
between this extended sub-continental lithospheric
mantle (SCLM) and normal abyssal peridotites, we
must first establish what this SCLM looked like
prior to its extension and exhumation in the oceanic
realm. Studies of spinel lherzolite facies xenoliths
brought to the surface in alkali basalts and orogenic
lherzolite massifs exposed in collisional mountain
belts preserve similar lithologic suites and may be
representative of most non-cratonal SCLM. In both
xenoliths and massifs, lherzolites characterized by
Cr-rich diopside and Mg/Mg+Fe ratios of ~89.5 are
the dominant rock type modally; harzburgite, dunite,
and Cr-diopside suite websterite and bronzitite are
ubiquitous but each typically represents less then
5% of the assemblage. Pyroxenites and gabbros of
the Al-augite suite are also ubiquitous but relatively
scarce in most orogenic massifs; they are more
common in xenolith suites, perhaps because they
are preferentially sampled by the alkali basalts that
bring the xenoliths to the surface. Hornblendite and
glimmerite (mica) veins are typically rare but may
represent an important source of alkalis and other
incompatible elements. Mass balance calculations
for the Balmuccia orogenic lherzolite using average
compositions for lherzolite, dunite, Cr-diopside
websterite, and bronzitite, and relative abundance
data measured in the field across wide, glacially-
scoured outcrops, show that the addition of Cr-
diopside suite dikes back into the lherzolite is
largely balanced by dunite, such that the calculated
average mantle is nearly identical to average
lherzolite, with minor increases in Ca and Al.

The ubiquity of Cr-diopside lherzolite, dunite, and
websterite in orogenic massifs and xenolith suite
world-wide, and field relations that show multiple
stages of formation and deformation, suggests that
these rocks represent ancient SCLM that may have
formed originally during the early Proterozoic. The
Balmuccia lherzolite massif preserves the
evolutionary development of SCLM that is directly
related to the later Alpine ophiolite suites. The pre-
emplacement history of this massif involved
repeated episodes of partial melting and magma
intrusion, accompanied by continuous plastic
deformation. The intense deformation exhibited by
the oldest dikes show that they may have been
injected into the peridotite before the massif
became stabilized within the lithosphere. The
occurrence of OIB-like isotopic compositions
suggests that this mantle may have originated as a
deep-seated mantle plume that under-plated the
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continent. The occurrence of late gabbro dikes with
MORB-like isotopic compositions documents
extension of the European SCLM during the
Triassic, prior to the opening of the Alpine ocean
basins and formation of the Jurassic ophiolites.

GEOLOGY AND GEOCHEMISTRY OF
KHABR-MARVAST TECTONIZED
OPHIOLITE, SOUTHERN IRAN: THE ROLE
OF SLAB-DERIVED COMPONENTS IN THE
PARTIAL MELTING PROCESSES WITHIN
THE MANTLE WEDGE
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(1) Faculty of Earth Sciences, Shahid Behehshti
university, Tehran, 1983963113 Iran,
azamsoltanmohammadi@gmail.com, (2) Research
Inistitute for Earth Sciences, Geological Survey of
Iran, Tehran, 13185-1494 Iran,
khalat1965@yahoo.com

Geology and Pertrology of the Late Cretaceous
Khabr-Marvast Tectonized Ophiolite is investigated.
This ophiolitic suite is considered to be a segment
of Neotethys ocean floor emplaced at the southwest
edge of the central Iranian micro-continent. The
intrusive part is comprised of harzburgite, isotropic
gabbro, trondjhemite, and diabasic sheeted dike
complex, all of them intruded by isolated diabasic
and pegmatitic gabbro dikes. Basaltic pillow lavas,
andesitic sheetflows, and hyaloclastic breccias

constitute the extrusive rocks of this ophiolitic suite.

On multi-element plots normalized to primitive
mantle, most rock types display enrichments in the
LILE and depletion in the HFSE, notably Nb. Some
rocks are also depleted in Ti and Ta. However, on
chondrite- normalized plots, the rocks show
variable enrichments in LREE with respect to
HREE. These features are comparable to those of
the eastern Mediterraniean ophiolites (that are
considered to be of supra-subduction origin). The
presence of partial melting processes and/or a
heterogeneous source is indicated by the variable
concentrations of elements like Nb, Ta, Hf, and Zr
in these rocks, the lack of correlation between
Nb/Ta or Zr/Hf ratios with MgO, and the positive
correlation between Zr/Hf ratio and Zr.

The Nb/Ta has been used as a geochemical proxy to
evaluate the amount of melting and the prior
depletion within the Depleted Mantle MORB
(DMM) source. In the pegmatitic gabbro dikes and
the sheeted dike complex of Khabr-Marvast
Tectonized Ophiolite, this value is lower (Nb/Ta=
2.2-4.4) than comparable amounts in a DMM
source not undergoning partial melting (Nb/Ta=14).
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The Nb/Ta vs. Nb indicate > 7% partial melting to
produce the source magmas for sheeted dike
complex and pegmatitic gabbros. In contrast, a
higher amount of 10.2-21 for the Nb/Ta ratio in the
pillow basalts, sheetflows, isolated diabasic dikes,
and trondjhemites imply 0-5% partial melting
within the DMM source. Furthermore, the deducted
behavior of the mobile/immobile elements in the
fluid/melt phases within the source area attest to the
contrasting role of slab- derived components in the
evolution of these rocks. In this regard, the low
Th/Ta(0.5-1.7) and high Ba/Th (209-1179) ratios in
sheeted dike complex and pegmatitic gabbro
indicate the enhanced role of fluids in the
generation of these rocks, and it is while the lower
Ba/Th (20.64- 458) and higher Th/Ta (1.9- 16.1)
ratios in the isolated diabasic dikes, trondjhemites,
pillow basalts, and sheetflows signify a larger share
for melts to form these rocks.

It is concluded that diabasic sheeted dike complex
and pegmatitic gabbro dikes formed as a result of
high degrees of DMM partial melting in shallow
depths within a subduction zone; the fluid derived
from the subducted slab is thought to play the main
role in the partial melting of the source peridotite,
and hence in the production of the source magmas
for the sheeted dike complex and pegmatitic gabbro.
In comparison, the Nb/Ta and Th/Ta ratios in the
pillow basalts, sheetflows, isolated diabasic dikes,
and trondjhemites indicate a more enriched source
less affected by the fluids and undergoing lower
degrees of partial melting.

METASOMATIC SILICA-ENRICHMENT
RECORDED IN THE FINERO PHLOGOPITE-
PERIDOTITES
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Introduction

The Finero ultramafic massif (Western Southern
Alps, Italy) is well known as a highly
metasomatized mantle sequence, being
characterized by abundant hydrous minerals, such
as phlogopite and amphibole (e.g. Zanetti et al.,
1999; Morishita et al., 2003, 2007).
Orthopyroxene-rich rocks (e.g. orthopyroxenites)
are also commonly observed in the massif being
related to main stages of melt-assisted
recrystallisation of the ultramafic sequence.
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However, they have never been subject of a
detailed investigation. In this contribution,
petrographic  and  chemical features  of
orthopyroxenite layers and host harzburgites will
be addressed in order to place constraints on the
nature of the metasomatic agents producing
orthopyroxene-rich lithologies and on the
development of the melt-peridotite reaction.

Data presentation

Orthopyroxenite in the Finero massif mainly
consists of coarse-grained orthopyroxene, which is
associated ~ with  medium-grained  olivine,
clinopyroxene, amphibole and minor amount of
spinel. In such rocks, film-shaped fine-grained
olivine is commonly observed at grain boundaries
between large orthopyroxene grains. Their
composition shows distinctively higher NiO (0.5-
0.7 wt%) contents than in the coarse-grained ones
that occurr in both orthopyroxenites and host
peridotites, which have chemical compositions
(0.4 wt% NiO content, 90.8-92.0 Fo) consistent
with that expected for olivines in residual
peridotites.

In the mantle peridotites, film-shaped, thin
orthopyroxene grains are rarely observed at grain
boundaries of olivines (dunite/harzburgite), whereas
coarse-grained orthopyroxenes are commonly
found in the host harzburgites. The Al,O; and
Cr,05; contents of coarse-grained orthopyroxene
grains in the peridotites decrease from the core to
the rim. The film-shaped orthopyroxenes in
peridotites have distinctively lower Cr,O; contents
(< 0.05 wt%) than the coarse-grained ones in
orthopyroxenites and host peridotites.

Discussion

Both orthopyroxenites and wall harzburgites show
evidence of late crystallization of minerals
segregated from late interstitial liquids. The
systematic chemical zoning of coarse-grained
orthopyroxenes was probably caused by continuous
reaction with these residual liquids under
decreasing temperature.

High-NiO fine-grained olivines in orthopyroxenites
can be explained by preferential incorporation of Ni
in olivine during the reaction between primary
mantle olivine with normal NiO contents and
residual fluid/melt, according to the increase of the
olivine-melt partition coefficients for Ni with
decreasing T (e.g. Hirschmann and Ghiorso, 1994,
GCA, 58, 4109-4126)

Similarly, the low-Cr,05 film-shaped
orthopyroxene in peridotites can be interpreted as
the evidence of late reaction involving mantle
olivine and residual low-Cr203 silica-rich fluids.
Small amounts of these fluids were probably
formed through progressively differentiation of the
Si0,-Al,05-Cr,03 fluids/melts generating

orthoyproxenites, which infiltrated along grain
boundaries the host peridotites in the late stage of
the silica metasomatism.

ON-AXIS VS. OFF-AXIS ACCRETION OF
THE UPPER OCEANIC CRUST CREATED
AT A SUPERFAST SPREADING-RIDGE
(EAST PACIFIC RISE, 6°N)
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A 1500 m-thick in situ section of upper oceanic
crust, from extrusive lavas, through dikes into
gabbros has been recently drilled for the first
time (ODP Leg 206, IODP Expeditions 309 and
312; Wilson et al., 2003; Teagle et al., 2006) in
15 Ma old crust created at the superfast spreading
East Pacific Rise. The igneous rocks cored in
Hole 1256D  (Pacific Ocean, 6°44.2°N,
91°56.1’W) are dominated by thin (10’s of cm to
3 m) basaltic sheet flows and massive (> 3 m
thick) flows, minor pillow basalt and
hyaloclastites. The sheeted dike complex is
relatively thinner (ca. 345 m thick) than those
commonly observed in ophiolites or drilled at
DSDP-ODP Hole 504B (ca. 1000 m thick). The
basal portion of the sheeted dikes in Hole 1256D,
near the contact with plutonic rocks, consists of
granoblastic dikes. The rock is highly to
completely altered and is locally recrystallized to
granoblastic  textures containing secondary
clinopyroxene. Gabbroic rocks consist of an
upper gabbro unit and a lower gabbro unit
separated by a metamorphosed dike screen with
granoblastic textures. Gabbroic rocks range from
gabbro to disseminated oxide gabbro, oxide
gabbro, orthopyroxene-bearing gabbro, and
trondhjemite and to quartz-rich oxide diorite. One
notable feature of the basement drilled at Site
1256 is the presence of a very thick massive lava
flow (75 m thick in Hole 1256D and 35 m thick
in the nearby Hole 1256C) near the top of each
hole. This lava flow shows structural,
geophysical, and petrographic features which
differ from those of the deeper parts of the drilled
crust. Fractures and veins are mainly sub-
horizontal in the lava flow and become steeper
downhole, toward the sheeted dike complex, as a
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probable effect of the distance of the lava flow
from the stress field produced by the intrusion of
dikes at depth, inducing mostly subvertical
eruptive fractures and fracture network, and the
distance of the site from active rifting at the EPR.
Contrasting structural patterns in the lava flow
and in the deeper parts are reflected in
contrasting physical properties patterns, as

obtained by shipboard and downhole logging data.

Electrical resistivity, compressional velocity, and
bulk density are generally higher, whereas natural
radioactivity and neutral porosity are lower in the
lava flow than in the deeper parts. Basalts of the
lava flow include late magmatic veins and
patches consisting of quartz, quartz + plagioclase
intergrowth showing a granophyric texture,
clinopyroxene, ilmenite, spinel, apatite, and rare
pyrite. Quartz + plagioclase intergrowths (with
apatite) are also present in the basalt as mm-sized
interstitial domains or rimming plagioclase.
These felsic products are peculiar of the lava
flow and only rarely occur in the deeper parts of
Hole 1256D. This thick lava flow occurring in
the shallow parts of the drilled crust at Site 1256
has been interpreted as a lava pond delivered off-

axis and accumulated in a topographic depression.

The occurrence of a thick massive lava flow at
the top part of the volcanic section may be
crucial in controlling the deformation pattern of
the entire crust and, consequently, its
permeability regime which in turn controls the
geometry and distribution of hydrothermal
circulation and rock alteration. Although the
ocean crust created at the superfast East Pacific
Rise and drilled at Site 1256 partly fits the
“Penrose” model for showing the superposition
of volcanics on sheeted dikes and intrusives, the
relative thickness of the lava-dike sequence could
reflect a combination of two or more of the
following processes: local (spatial) heterogeneity
along  ridge-axis;  (temporal)  variability,
essentially linked to a more or less intense
activity of the magma chamber; off-axis vs on-
axis eruptions.
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The ophiolitic bodies from Eastern Liguria (Northern
Apennine) are lithosphere remnants of the Middle-
Upper Jurassic Ligure-Piemontese ocean. They are
commonly subdivided into two main groups, the
Internal Liguride ophiolites, displaying structural and
compositional similarities to modern slow-ultraslow
spreading centres, and the External Liguride
ophiolites, whose primary features recall the magma-
poor continental margin of Western Iberia. The
gabbroic bodies from both Internal and External
Ligurian ophiolites consist mostly of clinopyroxene-
rich gabbros to troctolites, locally interlayered with
sill-like lenses of olivine-rich troctolites, and show a
typical MORB-type geochemical signature (e.g.
Rampone et al. 1998, Tribuzio et al. 2004). The
gabbroic bodies record a polyphase tectonic
evolution that was initially characterised by high-
temperature ductile shearing. This deformation event
generally produced a clinopyroxene + plagioclase +
Ti-pargasite foliation, at low angle with respect to
the igneous layering, which most likely developed in
the presence of a volatile-rich phase of igneous
origin (Tribuzio et al. 1995).

In the Internal Liguride gabbros, the high-
temperature foliation is crosscut at high angle by
parallel fractures (commonly <I mm thick) filled
with hornblende * plagioclase. These veins are
correlated with the development of hornblende
coronas around igneous clinopyroxene in the host
gabbros. The geochemical signature of the
vein/coronitic hornblendes (e.g. low REE, F/Cl and
8'%0 values) indicates a process of interaction of
the gabbros with seawater-derived fluids. Ductile
shearing in the Internal Liguride gabbroic plutons
was thus most likely followed by infiltration of
seawater-derived aqueous fluids through a
downward-migrating cracking front. The brittle
deformation event recorded by the Internal Liguride
gabbros was also associated with new melt
injections, as shown by the presence of basalt and
albitite dykes that crosscut at high angle both
igneous layering and high-temperature foliation (i.e.
generally nearly parallel to the hornblende veins).
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New single-grain U-Pb zircon datings by LA-ICP-
MS indicate that some of the gabbroic bodies from
the Ligurian ophiolites were intruded prior to the
opening of the Ligure-Piemontese basin, most
likely into an extending mantle section of
subcontinental ~ origin.  In  addition, the
geochronological determinations on the Internal
Liguride albitites show a very slow rate for the
exhumation of the host gabbros to sub-seafloor
conditions, in agreement with a “passive” model of
mantle uplift and melting.
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Lithosphere remnants of the inner portions of the
Middle-Upper Jurassic Ligure-Piemontese ocean
are preserved in the Internal Liguride units from the
Northern Apennine. These ophiolites bear close
structural and compositional similarities to modern
slow-spreading centres and include gabbroic
plutons that mostly consist of coarse-grained
olivine-poor gabbros.

The gabbroic sequences contain locally hornblende-
bearing albitite dykes that crosscut at high angle the
igneous layering of the host rock. The thinnest
albitite dykes display irregular contacts against the
host gabbros, characterised by hornblende-rich
reaction zones. Similar hornblende-rich reaction
assemblages are also present in adjacent mantle
peridotites. The thickest albitite dykes show sharp
planar boundaries towards the host gabbros, without
hornblende-rich reaction zones. Some of the
hornblendes from the albitites and associated
hornblende-rich reaction zones have relatively high
Ti, REE, Zr and Nb concentrations, and are
characterised by high 8'*0 and F/Cl values. These

data are consistent with the chemical trends defined
by accessory titanian pargasites of igneous origin in
the host gabbros (Tribuzio et al. 2000). We thus
propose that these albitites were derived from
residual igneous liquids, produced by extreme
fractional crystallisation of basalt melts, which
migrated upwards as a result of buoyancy.

The gabbroic sequences considered in the present
study are also crosscut by parallel swarms of thin
(<1 mm) hornblende veins, which are
approximately parallel to the albitites. These veins
are associated with growth of coronitic hornblende
at the expenses of igneous clinopyroxene in the host
gabbros. Vein and coronitic hornblendes have
relatively low concentrations of REE and HFSE,
and low 80 and F/CI values. In particular, the
REE composition of vein/coronitic hornblende is
generally similar to that of the clinopyroxene,
which is the main REE repository in the host
gabbro.  The  geochemical  signature  of
vein/coronitic hornblende is therefore related to a
reaction between gabbros and infiltrating seawater-
derived aqueous fluids, most likely through a
downward-migrating cracking front.

Hornblendes from the rare thick veins (up to 2 cm)
and some of the hornblende-rich reaction zones
have heterogencous &8'°0 and trace element
compositions, which suggest an interaction between
igneous and hydrothermal systems. In particular,
hornblendes from the thick veins have higher 8'%0
than associated coronitic hornblendes in the host
gabbros. Probably, the fluids penetrating the largest
fractures had a significant component of igneous
origin, and the infiltration of aqueous fluids was
favoured along the grain boundaries.

References
Tribuzio R., Tiepolo M., Thirwall M.F. (2000)
Earth Planet. Sci. Lett. 176: 281-293.

CRUSTAL EXTENSION AND MANTLE
EXHUMATION IN WEAKLY MAGMATIC
RIFTS AND MID-OCEAN RIDGES

Brian E. Tucholke
(1) Woods Hole Oceanographic Institution

Weakly magmatic extension, with attendant mantle
exhumation, can occur both in continental rifts and
at mid-ocean ridges. We here consider a type
example of ‘'amagmatic' extension in the
Newfoundland-Iberia rift, examples of magma-
limited seafloor spreading, and possible similarities
between the two. The Newfoundland-Iberia rift
experienced two main phases of extension (Late
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Triassic - Early Jurassic, and Late Jurassic - Early
Cretaceous), the latter of which included at least
three rifting episodes. These episodes are
interpreted to correlate with 1) initiation of
exhumation of subcontinental mantle in the
southern rift, 2) subcontinental mantle exhumation
extending into the northern rift, and 3) final
'breakup' of mantle lithosphere (i.e., magmatic
seafloor spreading) at the end of Aptian time, up to
~18 m.y. after final separation of continental crust.
Exhumed mantle lithosphere between the edges of
continental crust and magmatic oceanic crust is
considered to be transitional basement. Intraplate
extension attended by minor magmatism persisted
until the end of the final rift episode and probably
was concentrated mostly in weak, serpentinized
shear zones in transitional basement. The
widespread extension is thought to have occurred
due to the lack of a well defined extensional plate
boundary. There is little evidence for magmatism at
shallow basement levels, and most available melt
probably was emplaced relatively deep in the
mantle lithosphere. Mantle is also commonly
exhumed at weakly magmatic mid-ocean ridges,
and in some places (e.g., the Southwest Indian
Ridge, Gakkel Ridge) it may cover large tracts of
seafloor. Geologic evidence and numerical models
suggest that mantle is nearly continuously exhumed
along short-lived normal faults when there are very
low levels of melt supply (<30% of total plate
separation). With higher melt supply (30-50%),
long-lived detachment faults may slip for up to ~2
m.y. and create domed, corrugated oceanic core
complexes (megamullions). Many if not most such
detachment faults may initiate by breaking to the
brittle-plastic transition around deep magmatic
intrusions, thus exhuming first mantle and then
eventually gabbro plutons. The available
observations indicate that structure, morphology,
and lithologic variation of exhumed mantle in both
continental and oceanic rifts can provide important
information about distribution of stress and strain,
levels of magmatism, and thermal history of
overlying sedimentary basins.

BRITTLE-DUCTILE TRANSITION AND
SEISMIC FAULTING RECORDED IN
PSEUDOTACHYLYTE-MYLONITE
BEARING  FAULTS IN  MANTLE
PERIDOTITES (BALMUCCIA , IVREA ZONE,
ITALY)

Tadamasa Ueda (l), Masaaki Obata (l), Kazuhito
Ozawa (2), Giulio Di Toro ©®
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When a breakup of a plate occurs, the stress must
overcome the strength of the lithosphere. The
usual crust-lithosphere strength curve along depth
is depicted from pressure and temperature
dependence of the mechanical properties of their
respective least “strong” minerals, quartz and
olivine. These curves have their maximum
strength near the transition point of dominant
deformation mechanism from the brittle to ductile
zones, because of the positive and negative
dependence of brittle and ductile strength on depth
(temperature and pressure increase with depth),
respectively. So, most stress on the lithosphere is
probably supported by the brittle-ductile transition
regime of mantle-forming peridotite. However, in
respect of the strength of lithosphere, the
maximum strength of olivine well exceeds
plausible geological stress. Then, the point is how
the actual mantle lithosphere is weakened,
especially in the brittle-ductile regime.

The Ivrea-Verbano Zone (North-western Italy)
exposes a cross section of the lower continent
crust which underwent granulitic to upper
amphibolitic facies metamorphism. In the Ivrea
zone, coeval extensional shear zones (Brodie and
Rutter, 1987) and Permian magmatic underplating
(Snoke et al., 1999) are indicative of continental
rifting. Rifting is also recorded in the Balmuccia
lherzolitic peridotite massif enclosed in the Ivrea
Zone (Handy and Stunitz, 2002).

The Balmuccia massif is cut by ultramafic
pseudotachylytes (Obata and Karato, 1995), some
of which have textures of mylonitic overprinting
(Ueda et al., 2008). Pseudotachylyte is a dark,
ultrafine-grained, and glassy rock of veinlets
occurring on and around faults, which form during
seismic movement of fault by ultracomminution
and frictional melting of rocks. The mylonitic
overprinting on the pseudotachylyte may indicate
a residual seismic slip and inter-seismic shear
deformation on the same fault.

In the outcrop, the fault network containing
ultramafic pseudotachylyte-bearing fault veins is
more extended than previously reported. The
faults are generally straight, are sub-mm to several
cm in thickness, accommodate displacements from
several cm to meters (determined by the offset of
pyroxenite dykes) and show crosscutting
relationships. The fault rock assemblages of the
shear zones include relatively coarse (~several
tens of microns for mylonitic neoblast) peridotite
mylonites often overprinted by S-C foliated
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cataclasites. This deformation sequence is
consistent with the chronological sequence
inferred from the crosscutting relationship of the
faults (cataclasite-bearing faults cut mylonite-
bearing faults).

Pseudotachylytes occur on almost all faults except
the oldest (judging from crosscutting relationship)
ones with mylonitic texture and some minor faults
with cataclastic texture. The pseudotachylyte-wall
rock contact is sharp and truncates mineral grains
and pre-existing deformation textures of the wall
rocks.

Mylonitic pseudotachylyte veins have ultrafine
grained (several tens of nanometers to microns)
multiphase polycrystalline matrices. Such material
is likely to deform superplastically by diffusional
process. Some pseudotachylyte veins show
gradual transition from quasi-igneous quench to
ultramylonitic texture in accordance with decrease
of wvein thickness and include evidence for
pressure solution precipitation.

The pervasive occurrence of pseudotachylytes and
its absence in the oldest mylonite-bearing shear
zones may indicate that the studied fault rocks
were exhumed from the earthquake hypocentral
region located at the brittle-ductile transition zone
for mantle peridotite. The whole process including

recrystallization and deformation of
pseudotachylytes with intermittent seismicity
might have been important processes to

accommodate lithospheric extension and rifting.
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MELT IMPREGNATION AROUND THE
SPINEL-PLAGIOCLASE TRANSITION IN
UPPER-MANTLE PERIDOTITE
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The occurrence of plagioclase in peridotite has been
documented for a large variety of abyssal and
ophiolitic upper-mantle sections. The distinction
between a metamorphic as opposed to a
metasomatic origin of this plagioclase can be
ambiguous, and is usually made based on micro- to
macro-scale textural and/or compositional (e.g.
selective bulk-rock enrichment) criteria. In a recent
experimental study, Borghini et al. (Submitted)
provided subsolidus phase assemblage and
compositional criteria as a function of bulk rock
composition  that could  help distinguish
metamorphic from metasomatic plagioclase. In the
available supersolidus data from peridotite partial
melting studies, to our knowledge plagioclase is
lacking, as they have not been conducted in the
plagioclase stability field. Moreover, we are aware
of no melt-rock reaction simulation experiment in
which plagioclase was formed.

We will present results from an experimental
study that investigates the consequences of
tholeiitic basalt migration and impregnation
across the spinel-plagioclase facies transition in
peridotites. As plagioclase was formed in several
reaction experiments, our experiments permit
new insights in melt-rock reaction at uppermost-
mantle levels (0.5-0.8 GPa) and low melt
fractions. First results imply that the distinction
between a metamorphic and a melt-metasomatic
origin of plagioclase in peridotite based on
mineral chemistry alone is not feasible. Moreover,
(high-)Ti/(low-)Cr#  systematics of  spinel
cogenetic with plagioclase cannot be used to
conclusively discriminate metamorphic from
melt-metasomatic plagioclase peridotite.
Therefore, an integrated evaluation of
compositional (including REE and isotopic) data,
the modal plagioclase abundance, and micro- to
macrotextural relationships appears necessary to
infer a metamorphic from a metasomatic origin
of plagioclase in mantle peridotites.
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INHERITED OCEAN-CONTINENT TRAN-
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In Alpine Corsica, ophiolites are commonly
found associated with continental basement rocks
in tectono-metamorphic units that underwent
different metamorphic degrees from very low to
lawsonite-eclogite conditions. This enigmatic
lithological association, widely distributed in
many orogens (e.g. the Western Alps), has
generally been interpreted as a result of Alpine
tectonics (e.g., Ballevre et al., 1993). However,
primary relationships between the two lithologies
and the related meta-sedimentary covers are
exceptionally well preserved in the eclogite
facies Monte San Petrone area, where they are
interpreted to sample of a Ocean-Continent
Transition zone (OCT). OCT’s are generally
characterized by the juxtaposition of exhumed
sub-continental mantle and continental basement
slices interpreted as extensional allochthones
formed during the rifting stage (e.g., Péron-
Pinvidic & Manatschal, 2008). In the study area,
ophiolites mainly consist of meta-peridotites,
serpentinites, ophicalcites and meta-basalts with
a minor amount of gabbros. The continental
basement  units consists of  pre-Alpine
metamorphic rocks, meta-granites and meta-
rhyolites, suggesting an origin from the middle
and upper crust. Metasomatic rocks or
ophicalcites were observed in several localities at
the contact between serpentinites and continental
rocks. Those metasomatic rocks mainly consist of
Ca-bearing minerals and are referable to the
effect of oceanic serpentinization processes.
Relics of oceanic and pre-Alpine structure,
including the igneous microstructures of meta-
basalts, are preserved at all scales.

Petrology was applied in order to test if
ophiolites and continental rocks underwent the
same P-T evolution and confirm that their
juxtaposition pre-dates Alpine tectonics. Two
pseudosections were calculated for selected mafic
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lithologies from both ophiolites and continental
basement rocks.

The two pseudosections have been calculated
with PerpleX package (Connolly, 1990) in the
MnKNCFMASH system, considering the Fe, Mg,
Ca and Mn fractionation in garnet (cf. Evans,
2004; Gaidies et al., 2004). Sample OF3158 (L-
Ecl meta-pillow) yields P-T condition of 24 kbar
and 530°C, and sample OF3484 (continental
basement) 25 kbar and 490°C. Therefore, the
estimated P-T conditions from the two lithologies
are comparable. Furthermore, The estimated
temperatures are in agreement with those yielded
by Raman Spectroscopy on Carbonaceous
Material (RSCM, Beyssac et al., 2002) from the
associated metasediments (mean value 521° C).
The Monte San Petrone represents an exceptional
case of ocean-continent transition preserved in
high pressure metamorphic domains. Similar
relationships are preserved throughout Alpine
Corsica, allowing to provide important
constraints for the architecture of passive margins,
elsewhere rarely accessible.
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Continental basement

Fig. 1: Primary contact between continental basement
rocks and serpentinites (red line) in the eclogitic San
Petrone area. The oceanic structure is overprinted by
the Alpine deformation but the primary relationships
are preserved.

PRELIMINARY AND FIRST DATA ON
CHROMIUM-PLATINUM GROUP
ELEMENTS (PGE) MINERALIZATION IN
THE MAWAT OPHIOLITE, NORTHEAST
IRAQ
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Several ophiolitic rocks are exposed in the Zagros
thrust Zone, located in the northeastern Iragq.
Although strongly altered and dismembered, these
ophiolites are considered fragments of the Tethyan
oceanic  lithosphere.  Blocks of  variably
serpentinized peridotites have been recognized,
representing obducted oceanic mantle. The Iraqi
peridotites, similarly to those documented in the
Tethyan belts of Balkan Peninsula, Turkey and
Oman, host chromitite deposits. In the last decades,
most of these chromite deposits have been
intensively studied as it regards chemical
composition of chromite, and abundance of and
mineralogy of platinum group elements (PGE).
However, data available on Iraqi chromitites are
very scarce. Therefore, in this contribution we
present the preliminary data on mineral chemistry
of chromite, PGE distribution and mineralogy of
the chromitite associated with the Mawat ophiolite

(Iraq), never studied before. The Mawat ophiolite
complex covers an area of about 200 square km and
crops out in the northeastern part of Iran. Although
tectonically dismembered and affected by oceanic
and regional metamorphism, an ophiolite sequence
(ultramafic rocks, gabbros, diabases and a volcano-
sedimentary) has been recognized. The most
abundant ultramafic rocks in the Mawat area consist
of harzburgite, cut by pyroxenite dykes,
accompanied by minor dunite and lherzolite. The
harzburgites host chromitite bodies that occur
associated with pod of dunite. The investigated
chromitite samples were collected in area located
about 5 km south of the city of Daraban and 2 km
north east of the Kuradawi village. According to
their morphology, the Mawat chromitites can be
classified as podiform, with a size varying from 0.3
to 2 m width and from 0.5-12 m length. Chromitite
texture is predominantly massive, however small
disseminated and banded chromitites have been
also recognized. Despite the metamorphic overprint
chromite is generally unaltered, alteration being
limited to development of ferrian chromite along
cracks and at the crystal boundaries. The magmatic
composition of chromite has been obtained by
electron microprobe analyses in the preserved core
of spinel grains. The content of the major oxides is
comprised in the following ranges: Cr,O3 (49.5 to
56.9 wt%), ALOs (9.9 to 13.6 wt%), MgO (6.4 to
11.1 wt%), FeO (16.7 to 23.4 wt%), Fe,O5 (1.4 to 6
wt.%). The TiO, content is very low, being in most
cases less than 0.3 wt%. All the analyzed
chromitites can be classified as Cr-rich. Their
composition, in terms of Al,O; versus TiO, are
consistent with the supra subduction zone setting.
Three samples of massive chromite contain a
concentration of total PGE (ppb) of 1094, 390 and
450 respectively. Chondrite- normalized PGE
patterns of the Mawat chromitite are very similar to
those of mantle-hosted ophiolitic chromitites, being
characterized by an enrichment in the Os + Ir + Ru
(IPGE) relative to Rh + Pd + Pt (PPGE), which
causes a negative slope between IPGE and PPGE.
Consistently with these geochemical data, only
platinum group minerals (PGM) that contain IPGE,
such as laurite and irarsite, have been found. The
PGM form tiny grains, always less than 10 microns
in size, generally with a polygonal shape. They
occur in two different textural positions: 1) included
in fresh chromite, sometimes associated with
amphibole (Fig. 1A), and 2) along cracks in contact
with ferrian chromite, chlorite and serpentine (Fig.
1B). The chemical composition of laurite, plotted as
at% in the Ru-Os-Ir presented in Fig. 1C, show that
there is no difference between the laurite included
in chromite and those occurring in the cracks
associated with altered minerals. These preliminary
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results indicate that the Mawat chromitites are very
similar to the other Tethyan chromitites in the east
Mediterranean that are believed to have formed in a
supra subduction zone. The metamorphic alteration
that affected the Mawat complex did not influence
the distribution and mineralogy of PGE that still
retain their magmatic signature.

= In fresh chromite}
s In cracks |

/

Os Ir

Fig. 1. A, B = Electron images of laurite (white)
included in fresh chromite and associated with
amphibole (black) (A) and in contact with chlorite
(black) along a chromite crack (B).

C = Laurite composition (at%).
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CHROMITITES OF SANTA ELENA
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Federica Zaccarini ", Joaquin Proenza ), Lolita
Campos (3), Oskar Thalhammer (1), Giorgio

Garuti *, Thomas Aiglsperger ** John F. Lewis &

(1) Department of Applied Geosciences and
Geophysic, University of Leoben, Austria, (2)

78

Departament of Crystallography, Mineralogy and Ore
Deposits, University of Barcelona, Spain, (3) Central
America School of Geology, University of Costa Rica,
San Jose, Costa Rica, (4) George Washington
University, USA

The composition of chromite has been successfully
used, since more than 40 years ago, as an indicator
of the geodynamic setting in which the mineral and
its host rock formed. In particular, chromite
composition coupled with the shape of the ore
bodies, was applied to distinguish two important
different types of chromitites. The stratiform
(associated with the large mafic-ultramafic layered
intrusion) and the podiform (occurring, in most
cases, in the mantle tectonite of the ophiolites). It is
well known that generally the ophiolitic peridotite
are serpentinized to a variable extent, owing to the
oceanic serpentinization and reaction with other
fluids circulating during the tectonic emplacement.
These alteration processes can transform the mafic
silicates into secondary assemblage, dominated by
serpentine, talc and chlorite. On the contrary,
chromite is more resistant and, therefore it often
preserves its magmatic composition. The podiform
chromitites are strongly enriched in platinum group
elements (PGE) especially Os, Ir and Ru, when
compared to their country rocks representing, thus,
a potential target for the recovery of these noble
elements. This enrichment is mineralogically
expressed by the presence of abundant Ru, Os, and
Ir and less Pt, Rh and Pd phases, that form nano-
minerals, generally less than 10 microns in size.
The occurrence of small body of chromitites in the
ophiolite of the Santa Elena Peninsula (Costa Rica)
was reported in 1977. However, the data available
on these chromitites are limited to the field
description of the ore bodies and their location. It
this contribution we report the mineral chemistry of
chromite as well as the PGE geochemistry and
mineralogy of the Santa Elena chromitites (SEC).
The obtained data are used to define their origin and
geodynamic setting. The investigated chromitites
occur in the so called Santa Elena nappe that
consists of serpentinized peridotite, pegmatitic and
layered gabbros, plagiogranites, doleritic and
basaltic dykes. The geodynamic of the Santa Elena
nappe is controversial. Some authors, based on its
N-MORB affinity, suggested that the Santa Elena
nappe formed in an oceanic spreading center in a
mantle plume region. Other researchers proposed
that it generated in a supra subduction zone (SSZ),
more precisely in an island arc. We have analyzed
six occurrences of SEC that crop out in a relatively
small area (about 2 square km) and located about 2
km north of the Potrero Grande tectonic window.
The chromitites are very small, irregular in shape
and, due to the strong alteration and to the



Abstracts

development of a lateritic soil, it is not possible to
recognize always the nature of the host serpentinite.
However, some of them occur in contact with small
patches of dunite. Despite of the alteration, chromite
is, in most cases, fresh, showing the presence of
ferrian-chromite only along grains cracks and
boundaries. Therefore the magmatic composition of
the SEC was obtained in the preserved core of the
chromite grains. The data, plotted in the diagram of
Fig. 1A, reveal that the SEC follow the field of the
podiform chromitites, showing a continuous trend
from extremely chromiferous (#Cr = 0.87), to
intermediate and aluminous (#Cr = 0.55). The
contents in MgO and FeO vary between 8-13 and 12-
19 wt%, respectively, whereas the amount of Fe,Os
is always less than 1.7 wt%. TiO, is comprised
between 0.1 wt% to 0.35 wt%, showing a negative
correlation with Cr,O; (R = -0.91). The SEC
composition, plotted in the diagram presented in Fig.
1B, fits the field of the SSZ chromitite. The total
PGE concentration in the analyzed chromitites varies
from 48 to 183 ppb. Their chondrite-normalised
patterns display Os-Ir-Ru concentrations greater than
those of Rh-Pt-Pd that is typical of ophiolitic
chromitites, especially those formed in SSZ.
According to this geochemical distribution, the most
abundant platinum group mineral (PGM) is laurite
(RuS,), accompanied by rare erlichmanite (OsS;),
irarsite  (IrAsS), and unknown Ir-Rh-S. Their
serpentinized country rocks (dunite and harzburgite)
show a maximum concentration of PGE of 10 ppb,
with the chondrite-normalised patterns nearly flat.
The results presented here support the idea that the
SEC formed in a SSZ environment, rather than in a
MOR region. However the presence of Cr-rich and
Al-rich chromitites in a very small area (less than 2
square km), the trend Cr,O3 vs TiO, and the small
size of the mineralized bodies are quite different
compared with other ophiolitic chromitites
worldwide. Further investigation is therefore
required to better understand this unusual feature of
the SEC.
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Fig. 1. Chromite composition of the investigated
chromitites. P = podiform, S = stratiform, MORB =
mid ocean ridge basalts , SSZ = supra subduction
zone.
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