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EXTENSIONAL DEFORMATION, MANTLE MELTING
AND MELT PERCOLATION IN THE ERRO-TOBBIO
PERIDOTITE (VOLTRI MASSIF, LIGURIAN ALPS) R.L.M. Vissers* and G.B. Piccardo**
* Departement of Earth Sciences, Utrecht University, Utrecht,
The Netherlands. ** Dipartimento per lo Studio del Territorio e delle sue Risorse,
Universita di Geneva, Corso Europa 26,1-16132, Genova, Italy. e-mail: piccardo@dipteris.unige.it. The Erro-Tobbio (E-T) ophiolitic peridotite (Voltri Massif, Ligurian Alps, Italy) represents a mantle section which has been equilibrated at spinel-peridotite facies and lithospheric thermal conditions (T in the range 1000-1100°C) in the sub-continental lithosphere of the Europe-Adria system pri-or to the Early Jurassic. In response to lithospheric extension leading to opening of the Ligurian Tethys basin, the E-T peridotites has been ex-humed along a subsolidus P-T trajectory and emplaced at the sea-floor of the Ligurian Tethys ocean. Lithospheric mantle exhumation was accomo-dated by km-scale extensional shear zones, forming peridotite tectonites and mylonites (Drury et al., 1990; Vissers et al., 1991; Hoogerduijn Strat-ing et al., 1993; Piccardo and Vissers, 2007). The E-T massif comprises km-scale volumes of peridotites with structural and compositional characteristics pointing to melt-peridotite interaction. These peridotites were formed by interaction of pristine lithospheric peri-dotites with MORB-type melts ascending by porous flow, which led to the development of reactive spinel harzburgites, impregnated plagioclase peri-dotites and replacive spinel dunites (i.e. melt-modified peridotites) (Piccar-do et al., 2004; Piccardo and Vissers, 2007). The melt-related processes in the mantle lithosphere are a consequence of MORB-generating decompres-sional partial melting of the asthenosphere which was induced by near-adi-abatic upwelling related to lithosphere extension and thinning. Melt frac-tions from the upwelling asthenosphere migrated upwards through the ex-tending mantle lithosphere by diffuse porous flow, interacted with the per-colated mantle peridotites and caused their significant structural and com-positional modification. Field relationships between sheared lithospheric peridotites, including coarse tectonites as well as fine-grained mylonites, developed during lithosphere extension, and melt-modified peridotites suggest that the melt-related processes occurred during exhumation of the E-T mantle. Our field, structural and petrologic data allow to evidence that lithosphere extension, asthenosphere partial melting and lithosphere melt percolation were closely inter-dependent and led to the thermo-chemical and thermo-mechanical erosion of the extending mantle lithosphere. Present data allow us to con-clude that the entire pre-oceanic evolution of deformation, metamorphism and magmatism recorded by the E-T mantle started during the Early-Mid-dle Jurassic and was related to lithospheric extension leading to the Late Jurassic opening of the Ligurian Tethys ocean. It has been, thus, substained (Piccardo, 2007; Piccardo and Vissers, 2007) that: (1) lithosphere extension caused extensional deformation and tectonic-metamorphic evolution of the subcontinental mantle lithosphere, forming km-scale tectonite-mylonite shear zones which were relevant to lithosphere thinning and to exhumation of the lithospheric mantle; (2) lithosphere ex-tension and thinning caused inception of decompressional melting of the underlying upwelling asthenosphere; the asthenospheric melts migrated via diffuse porous flow through the extensional lithospheric rifting system; (3) deformation and melt-related processes in the mantle lithosphere were in-ter-dependent and mutually enhancing during lithosphere exhumation. It has been, accordingly, recognized that the interplay between deforma-tion, melt percolation and compositional-rheological modification of the mantle lithosphere had a fundamental role in weakening the extending
mantle lithosphere and was a controlling factor in the transition from dis-tributed continental deformation to localised oceanic spreading (Piccardo, 2007; Corti et al., 2007; Ranalli et al., 2007; Piccardo and Vissers, 2007).
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SHEAR ZONES IN THE MANTLE: THE ROLE
OF METAMORPHIC AND MELT-ROCK REACTIONS
(Invited Contribution) A.H. Dijkstra Institut de Geologic, Universite de Neuchdtel, Rue Emile Argand 11 I CP 158, 2009 Neuchdtel, Switzerland, e-mail: a.dijkstra@geosciencenet.com. There is abundant field and microstructural evidence in orogenic and ophi-olitic mantle massifs for localization of deformation into high-temperature (T>800°C) peridotite shear zones. Models for the strength of the lithos-phere are generally based on the assumption of homogeneous flow, and in these models the mantle lithosphere is often considered to be strong with respect to the crustal part. However, if mantle shear zones are widespread, and if these shear zones are weak, then models based on homogeneous flow seriously overestimate the strength of the mantle lithosphere. To con-strain how widespread mantle shear zones are, we need to understand the conditions under which they form, as well as the processes involved in their initiation and development. To constrain the strength of these shear zones, we need to understand the microphysical deformation mechanisms that are active in these shear zones, and the softening mechanisms that make them weaker than the enclosing mantle rocks. There are two main broad categories of mantle shear zones: relatively coarse-grained tectonite shear zones and fine-grained to ultrafine-grained mylonite shear zones, which can anhydrous or hydrous. In tectonite shear zones, softening processes associated with localization are probably melt-related weakening in the medium to coarse tectonites and a change in limit-ing slip system in the fine grained tectonites. In peridotite mylonites, the most likely cause for softening and localization is a change in dominant de-formation mechanism from dislocation to grain size sensitive creep. As lab-oratory deformation experiments show that the weakening produced by this change in deformation mechanism can be very dramatic, it is important to look into the details of how this change is brought about. One feature that all mylonite shear zones which preserve evidence for the importance of grain size sensitive creep processes - such as diffusion creep and grain boundary sliding - have in common is their fine to ultrafine grain size (down to 1 urn). It is therefore obvious that the grain size reduction is one of the key processes in the production of mylonitic mantle shear zones. There are broadly three types of processes that can cause drastic grain size reduction: cataclasis, dynamic recrystallization, and recrystallization asso-ciated with phase transformations, metamorphic reactions, or fluid- or melt-rock reactions, chiefly referred to as 'reaction recrystallization' here. In this contribution, the importance of these types of processes will be dis-

67 cussed using some highly illustrative samples of different mantle mylonite      to around 300 Ma. The Ottana-Mt. E' Senes Shear Zone was later reactivat-zones. Based on microstructural observations, it is included that recrystal-      ed and strongly overprinted and dismembered by the well known brittle lization associated with reactions is a very important process for the initia-      sinistral transcurrent fault (the "Nuoro Fault") in Alpine times. tion of shear localization, and for the development and long-term preserva-tion potential (due to phase mixing) of natural mantle mylonite shear zones. In addition, consideration of the relative importances of internal strain ener-gy that can be released by dynamic recrystallization, and free energy due to       MELT MIGRATION AND HIGH TEMPERATURE SHEAR ZONE chemical disequilibrium that can be released by reaction recrystallization,             IN THE UPPER MANTLE (LANZO MASSIF, ITALY) shows that the latter can be at least as important as the former in natural rocks. Finally, there are now also well-documented case studies that illus-      M.A. Kaczmarek*,** and 0. Miintener** trate how deformation, in turn, promotes reaction recrystallization, leading to a positive feedback between deformation and recrystallization.                * Institute of Geology, University ofNeuchatel, rue E. Argand 11, We can expect that significant chemical disequilibrium, the driving force         2009 Neuchdtel, Switzerland, e-mail: mary-alix.kacynarek@unine.ch for reaction recrystallization, exists almost everywhere in the mantle, in par-      ** Institute of Mineralogy and Geochemistry, University of Lausanne, ticular in active tectonic regions where rocks move through P.T-space         Anthropole, CH-1015 Lausanne, Switzerland rapidly. At the same time, it is known that reactions under dry conditions and without deformation can be sluggish. In fact, almost every mantle rock      Different mantle domains characterize present-day and ancient ocean-conti-found today, whatever its age, preserves chemical disequilibrium in its min-      nent transition zones and many of them show signs of melt/rock reaction, erals, in particular in pyroxenes. The onset of deformation can unlock the      but their relationships to deformation processes in the thermal boundary energies stored in the minerals due to chemical disequilibrium, which can      layer are poorly understood. The transition from melt-poor to -rich regions then drive reaction recrystallization and set in motion the positive feedback      is likely to be an important rheological boundary. To constrain the rheolog-between deformation and reactions. We can thus conclude that it is almost      ical weakening of mantle lithosphere, we investigate the relationships be-inevitable that mylonitic shear zones form and play a crucial role in active      tween deformation, melt-rock reaction and mafic dike emplacement in the tectonic regions, and that they control the strength of the mantle lithosphere      Lanzo peridotite massif (NW-Italy). at the time when it matters most, i.e., during active tectonic periods.              Mapping of the Lanzo massif, in the northern and central parts, has re-vealed a peridotite mantle shear zone, which is at least 200 meters wide with a sub-vertical foliation generally dipping to the NE. Fieldwork, micro-
References                                   scopic observation and grain size analyses highlight 6 deformation tex-tures: coarse-grained secondary granular (CGSG), fine-grained secondary De Ronde and Stiinitz, 2007. Deformation-enhanced reaction in experimen-      granular (FGSG), proto-mylonite, mylonite, hydrous-mylonite and ultra-tally deformed plagioclase-olivine aggregates. Contrib. Mineral,      mylonite. CGSG shows weakly deformed porphyroclastic zones composed
Petrol., DOI: 10.1007/s00410-006-0171-7                                 of orthopyroxene (opx), clinopyroxene (cpx) and olivine (ol), and domains Dijkstra, Drury, Vissers, Newman and Van Roermund, 2004. Shear zones      of igneous recrystallization. Mylonite, hydrous-mylonite and ultra-mylonite in the upper mantle: evidence from alpine- and ophiolite-type peridotite      show a fine-grained polycrystalline matrix of ~50 u.m, 50 to 20 iim and 20 massifs. Geol. Soc. London Spec. Publ., 224: 11-24.                       to 10 um grain size respectively. The matrix is composed of olivine, pla-Handy and Stiinitz, 2002. Strain localization and reaction weakening: a      gioclase (pig), clinopyroxene, orthopyroxene, spinel and Ti-homblende en-mechanism for initiating exhumation of subcontinental mantle beneath      closing deformed porphyroclasts. Hydrous-mylonite contains important rifted margins. Geol. Soc. London. Spec. Publ., 200: 387-407.               fine-grained areas composed of hornblende. The spatial distribution of de-Newman, Lamb, Drury and Vissers, 1999. Deformation processes in a peri-      formation is asymmetric with respect to the mylonite, increase from S to N dotite shear zone: reaction-softening by an H20-deficient, continuous      and tend to be localized in the mylonite zone. Discordant gabbroic dikes net transfer reaction. Tectonophysics, 303: 193-222.                        are asymmetrically distributed and concentrated in the southern part of the Stiinitz, 1998. Syndeformational recrystallization - dynamic or composi-      shear zone, which is interpreted as the footwall of the shear zone. tionally induced? Contrib. Mineral. Petrol., 131: 219-236.                   The pyroxene porphyroclast cores indicate high Al and Cr content and a de-Vissers, Drury, Hoogerduijn Strating, Spiers and Van der Wal, 1995. Man-      crease toward the rim and neoblasts. Porphyroclastic core thermometry indi-tie shear zones and their effect on lithosphere strength during continen-      cates high temperatures originated at the spinel facies (1100-1030°C) and a tal breakup. Tectonophysics, 249: 155-171.                                 lower equilibration for neoblasts in the plagioclase facies (850-855°C). Cr#
(molar Cr/Cr+Al) and Ti02 concentrations in spinel show an extreme vari-ability and cover the entire range from spinel to plagioclase peridotites, indi-cating disequilibrium. The variability does not seem to be microstructurally
THE OTTANA-MT.E' SENES SHEAR ZONE                controlled. The largest variation is observed in the CGSG rocks, while in de-
(CENTRAL SARDINIA, ITALY): CONSTRAINTS ON A MAJOR       formed rocks the composition is more homogeneous in terms of Ti02 and
OROGEN-NORMAL SHEAR ZONE OF LATE VARISCAN AGE       Cr# suggesting a faster equilibration with small grains. However spinel from the northern body display homogeneous composition in the plagioclase fa-C. Ghezzo*, F. Giacomini*, E. Sartia** and F.M Eiter***                   cies. This indicates that once the plagioclase peridotites completely crystal-lized, exhumation to shallower depth must have been rapid, in order to pre-
* Dipartimento di Science della Terra, Univessitd di Siena, Italy              serve disequilibrium chemical compositions. Moreover, the hanging-wall ** Progemisa SpA, Via Contivecchi 7, 09122, Cagliari, Italy                  record a relatively lower exhumation then then footwall. Some cpx porphyro-*** Dip. Te.Ris., Universitd di Genova, Italy,                                  clasts show signs of previous reaction textures with a melt (cpx + liq -> opx + e-mail: elter@dipteris.unige.it                                          pig ± ol), a texture, which is common in the southern Lanzo massif. In all rocks, vermicular orthopyroxene is located in contact with olivine. Si-saturat-The Upper Carboniferous intrusive igneous activity related to the emplace-      ed liquids corrode olivine grains and crystallized opx along the reaction Liq. 1 ment of the Sardinia-Corsica Batholith in the region of Nuoro (central Sar-      + olivine -> orthopyroxene (± Liq. 2). These textures are rare in the mylonite dinia, Italy) occurred contemporaneously with a non coaxial deformation,        zone, indicating that the mylonite formation postdates melt/rock reactions. A composite magmatic sequence (Bt-Amp-bearing calc-alkaline granodior-      The whole rock analyses display a large compositional variation at the Lan-ites, peraluminous two-mica and Crd-bearing granodiorites and two-mica      zo massif scale (from fertile plagioclase peridotite to refractory harzburgite), leucogranites) crops out within a 10 km wide, almost 60 km long zone with      and a tendency of enrichment in the footwall the mantle shear zone. The a SW-NE trend. This direction is orthogonal to the main regional orogenic      ^fty Na^O and incompatible elements show an enrichment in the more de-NW-SE strike of both the metamorphic and magmatic foliations measured      formed rocks (proto-mylonite, mylonite and hydrous-mylonite) compared to in the other sectors of the Variscan chain of central-northern Sardinia,           the northern body (CGSGn). Considering Al^Og, Na^O and Ce, Sm, Yb, the Crosscutting relationships between different granitoids, coupled with defor-      composition is more homogeneous with increasing deformation. mational fabrics in the granodiorites and some foliated peraluminous gran-      Our results indicate that melt migration and high temperature deformation ites indicating heterogeneous sub-solidus high-T ductile shearing on mag-      are juxtaposed both in time and space. Melt migration occurred on a km-matic fabric, provide evidence for a syn-kinematic magma emplacement in      scale over the entire massif, but local differences exist. The presence of the upper crust within a right-lateral shear system,                             melt in the rock will change the rheological behavior and increase the The emplacement of the St. Basilic peraluminous intrusion in this area (the      weakening. The preservation of chemical disequilibrium of minerals sug-largest peraluminous pluton in the Sardinia-Corsica Batholith) is also con-      gests a rapid exhumation and a rapid temperature decrease from near-trolled by this regional-scale transcurrent shear zone. Field relationships      solidus conditions to Ti-hbl conditions. Melt migration, peridotite composi-and preliminary geochronological data indicate that the orogen-normal de-      tion and the concentration of dikes in the footwall suggest that the shear formation along this crustal-scale structure developed from about 310 Ma      zone acted as a melt barrier and a melt conduit.

60 The D^ folding phase mainly produced open to tight decimetric folds lack-      Field relationships between melting and faulting within the Higher Hi-ing any pervasive axial plane schistosity, with axes striking E-W and dip-      malaya Cristalline unit (HHC) in the Tibet-Himalaya orogen are the object ping about 5°-20° E-W. These folds can sometimes be observed near the      of a controversial debate (Rosenberg et al., 2006). In this contribution we contact between migmatite and the metabasite lens at Punta de li Tulchi. D^      present a crustal scale cross-section through the HHC between the Main deformation was followed by late shear events and minor foldings.              Central Thrust zone (MCT) and the South Tibetian Detachment (STD) em-The metabasite with eclogite facies relics at Punta de li Tulchi shows a      phasizing the geometry of deformation, granite distribution and shape as banding oriented EW - N 50° at a high angle with respect to regional      well as their internal strain features. migmatite foliation, consisting of an alternation of garnet-pyroxene-rich      The cross section is based on a new structural map by Pertusati & Lombar-and amphibole-plagioclase-rich layers,                                        do of a region of c.300 kmq between the Ra Chou (Tingri) and the Choung Gamet-pyroxene-rich layers show preferred layering defined by thin dark      Chou (Karta) valleys including Cho Oyu, Everest, Lotshe and Makalu and white layers consisting of alternating garnet rich- and clinopyroxene-      peaks. In the region, Miocene leucogranites can be found in different geo-plagioclase symplectite-rich layers parallel to the main S^ schistosity. Gar-      metrical positions and with different internal strain state. net shows inclusion of omphacitic pyroxene.                                  Three different structural domains are recognizable at the scale of the Individual lobes of symplectitic lamellae are roughly aligned locally along a      whole HHC. A central domain, with a total thickness of c. 5 Km, is charac-preferred orientation forming a high angle with S . This feature might indi-      terized by three giant sill complexes with individual thickness up to 1,5 cate mimetic growth of lobes along an older S, (?) schistosity. Grain-size      Km. The sills are intruded parallel to the main foliation and show local ef-variations along and between gamet-pyroxene-rich layers, as well as garnet      fects of ballooning at their terminations (e.g. Nuptse pluton). Solid state de-elongation in the same layers, suggest the occurrence of syn-D^ deformation      formation is localized at their boundary whereas the bulk of bodies shows along shear zones. Moreover, the amphibolitization of the original granulitic      magmatic features. The central domain is bounded upward and downward rock is clearly recognizable in some outcrops showing an amphibolitic front      by two kilometer-scale domains in which dykes and sills up to hundreds of with faded contours, clearly cutting the S^ of replaced granulitic layers,            meters in thickness can be observed. High temperature solid state deforma-In amphibole plagioclase-rich layers, a third N 80°-SE 30°-oriented retro-      tion with opposite kinematics dominates in the two boundary domains. grade S   foliation is defined by thin elongated white pods made up mainly      Top-to-north \"extensional\" shearing is dominant in the upper domain. of plagioclase-amphibole kelyphites. The S- is locally cut by centimeter-      Sills and dykes can be observed in the footwall shear zone of STDS up to sized shear zones which developed after the amphibolite stage,                  few decimeters from the brittle detachment. Top-to south \"contractional\" Both the migmatite and metabasite are affected by minor duttile and two      kinematics locally characterizes the lower domain, although more corn-major brittle deformations. The first brittle deformation consists of a very      monly sills and dykes can be observed as folded with the main foliation in rare event forming millimetric, discontinuous E-W-oriented shear zones      hectometric scale top-to south collapse folds. Granite distribution and de-with a sinistral shear component,                                             formation features in the investigated area will be compared with the re-The second one is the most important brittle event. It strikes NE-SW sub-      cently proposed model of the melt-dominated channel of a crustal scale vertical, and is recognizable in the whole migmatite complex of NE Sar-      V'extrusional fault\" (Rosenberg et al., 2006). dinia, where it is related to syn-kinematic intrusions of mafic to acid dikes. In summary, in the Porto Ottiolu-Punta de li Tulchi area, the Variscan base-ment of Sardinia is affected by at least three main deformation phases. The                                   References first phase is not clearly recognizable, either in the metasedimentary se-quence or in the metabasite with eclogite facies relics. The D;, phase is the      Brown R.L. and Solar, G.S., 1998. Shear zones systems and melts: Feed-most pervasive deformation in the migmatites and metabasite and can be         back relations and self-organization in orogenic belts. J. Struct. Geol., linked to the granulite or the granulite-amphibolite transition. The D^ phase         20: 211-217. is probably a composite phase associated with folding and shear deforma-      Rosenberg C.L., Medvedev S. and Handy M., 2006. On the effects of melt-tion that developed under amphibolite facies P-T conditions. A late shear         ing on continental deformation and faulting. In: M. Handy (Ed.), The event postdating the D^ deformation developed under green schist facies P-         dynamics of fault zones. M.I.T. Press. In press. T conditions. The occurrence of kyanite, sometimes associated with K-feldspar, reveals that migmatites most probably attained the P-T conditions of the granulite facies. Therefore, since the granulitic stage, eclogites and migmatites have shared         PLUTON EMPLACEMENT IN THE LAB - WHAT WE CAN the same structural and metamorphic history. Whether or not migmatites        LEARN FROM ANALOGUE CENTRIFUGE EXPERIMENTS also underwent the eclogitic stage may be clarified by further studies, such            ABOUT THE BEHAVIOUR OF GRANITOID BODIES as those involving new geochronological and systematic data on inclusions in zircon.                                                            C. Dietl* and H. Koyi**
* Institutfilr Geowissenschaften, Johann Wolfgang Goethe-Universitdt
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High Grade Metamorphic Complex of the NE Sardinia Belt (Italy). Ge-         Uppsala Universitet, Villavdgen 16, S-75236 Uppsala, Sweden. odin. Acta 19 (3-4): 155-164.                                               E-mail: c.dietl@em.uni-frankfurt.de. Franceschelli M., Memmi I., Pannuti F. and Ricci C.A. 1989. Diachronous metamorphic equilibria in the Hercynian basement of northern Sar-      Three main features are frequently observed in granitoid plutons: (1) they dinia, Italy. In: J.S. Daly, R.A. Cliff and B.W.D. Yardley (Eds.), Evolu-      are often intruded along shear zones; (2) many of them consist of several tion of metamorphic belts. Geol. Soc. London Spec. Publ., 43: 371-375.      magma batches to form so-called CEPs - concentrically expanded plutons;
(3) geophysical investigations reveal that they generally possess a tabular shape: either laccolithic, lopolithic or phacolithic.
We used the results of three sets of experiments to understand the forma-
GEOMETRY OF DEFORMATION, STRAIN FEATURES          tion mechanisms behind these three features. Moreover, we wanted to find AND DISTRIBUTION OF MAGMATIC-BODIES IN THE HIGHER      out if diapirism or dyking are more suitable for the formation of shear-zone
HIMALAYA CRISTALLINE BETWEEN KARTA AND TINGRI       related plutons, CEPs and tabular plutons.
(TIBET-HIMALAYA)                         1 - Plutons in shear zones:
Models (100 mm long and 80 mm wide) consisting of a ca. 25 mm thick G. Molli, G. Musumeci, D. lacopini and P.C. Pertusati                       overburden resting on a 6 mm thick buoyant PDMS layer (\k = 4* 104 Pa s, p = 0.964 g/cm3) were sheared and centrifuged to study the relationship Dipartimento di Science delta Terra, Universitd di Pisa, Via Santa Maria,        between strike-slip shear zones within the continental crust and buoyant 56126 Pisa, Italyl. e-mail: gmolli@dst.unipi.it                                 granitoid intrusions. Three experiments were carried out: In model 1, the overburden consisted of a viscous material (y. = 105 to 106 Pa s, p = 1.725 As described by different authors (e.g. Rosenberg et al., 2006 and refer-      g/cm3). No perturbation as a trigger for diapirism was introduced at the top ences therein) the presence of melt can be closely related to localization of      boundary of the source layer (PDMS) in this experiment to see, if shearing deformation in a variety of crustal-scale fault zones. This supports the idea      alone is capable to initiate the diapiric rise of the PDMS. No diapirs formed of a positive feedback between melting and faulting (Brown & Solar 1998)      in this model even after shearing up to an angular shear y of -1.07 and 27 and grants melt a critical role in shaping major features of the inner part of      min centrifuging at ca. 700 g. In models 2 and 3, where the overburden was orogens.                                                                   made of a semi-brittle plastilina (^i: 107 to 108 Pa s, p: 1.705 g/cm3), pre-

61 scribed cuts at two different orientations (model 2: parallel to ol; model 3:RHEOLOGY AND DEFORMATION OF PARTIALLY MELTED perpendicular to ol) were initiated in the overburden in order to seeCRUSTAL ROCKS whether such cuts can act as pathways for intrusions. In model 2, the pre-scribed cuts were used by the buoyant material as pathways because theyC.L. Rosenberg had opened due to combined shearing (y = -0.33) and centrifuging for 8 min at ca. 700 g. Consequently, the PDMS extruded on the surface of theFreie Universitdt Berlin, Germany, e-mail: cla@zedat.fu-berlin.de model. Continued shearing (up to an angular shear of -0.38) and centrifug-ing for further 5 min at ca. 700 g widened the cuts and allowed further up-A review and reinterpretation of previous experimental data on the defor-ward movement of the buoyant material to form a coalesced elliptical sheetmation of melt-bearing crustal rocks (Rosenberg and Handy, 2005) re-on top of the model. In model 3, where the pre-existing cuts were perpendi-vealed that the relationship of aggregate strength to melt fraction is non-lin-cluar to ol, the cuts were cealed during shearing and prevented the intru-ear' even if Pitted on a linear ordinate and abscissa. At melt fractions < sion of the buoyant material. Further shearing up to an angular shear of -0-07' the dependence of aggregate strength on is significantly greater than 0.38 and centrifuging at ca. 700 g rotated and activated the prescribed cutsat > 0-07- This melt fraction (- 0.07) marks the transition from a significant as strike-slip faults bounding pull-apart basins. Such pull-apart basins wereincrease in the proportion of melt-bearing grain boundaries up to this point not deep enough to tap the buoyant material. Nevertheless, the results ofto a minor increase thereafter. Therefore, we suggest that the increase of the experiments suggest that magma ascends in shear zones not as diapirs,melt-interconnectivity causes the dramatic strength drop between the but rises along pre-existing pathways as dykes,solidus and a melt fraction of 0.07. A second strength drop occurs at higher 2 - CEPsmelt fractions and corresponds to the breakdown of the solid (crystal) The 100 mm wide model consisted of three layers from bottom to the top;framework, corresponding to the well-known "rheologically critical melt a 5 mm thick buoyant lower layer of (RG1; [i = 8.5* 104 Pa s, p = 1.224percentage" (RCMP; Arzi, 1978). Although the strength drop at the RCMP g/cm3) simulating a partially molten magma (u = 8.5* 1018 Pa s, p = 2.45is about 4 OTdeTS of magnitude, the absolute value of this drop is small g/cm3), a 50 mm thick non-Newtonian overburden (DC+P; ^ = 106 Pa s, pcompared to the absolute strength of the unmelted aggregate, rendering the = 1.344 g/cm3) simulating a natural silicic overburden (^i = 1022 Pa s, p =RCMP invisible in a linear aggregate strength vs. melt fraction diagram. 2.7 g/cm3); and a 10 mm thick layer of PDMS (|^ = 4* 104 Pa s, p = 0.964Predicting the rheological properties and thresholds of melt-bearing crust g/cm3) simulating a less dense overburden. The model was centrifuged foro" the basis of the results and interpretations above is very difficult, be-9 min and 30 sec at 700 g before a profile was cut for photographing. Twocause the rheological data base was obtained from experiments performed mushroom-shaped diapirs of the buoyant layer intruded the overburdenat undrained conditions in the brittle field. These conditions are unlikely to and spread below the top, less-dense PDMS layer. During their rise, therepresent the flow of partially melted crust. The measured strength of most diapirs deformed the overburden units and dragged them upward. A sec-o1 the experimentally deformed, partially-melted samples corresponds to ond buoyant layer of similar density and viscosity as the first buoyant lay-their maximum differential stress, before the onset of brittle failure, not to er, (differently stained, RG2; a = 8.5xl04 Pa s, p = 1.224 g/cm3) was at-their viscous strength during "ductile" (viscous) flow. To overcome these tached to the bottom of the model. The model was then centrifuged forproblems, we extrapolated a theoretically-derived flow law for partially further 6 min and 10 sec at 700 g. A profile of the model shows that theluelted granite deforming by diffusion-accommodated grain-boundary slid-second-stage intrusions occurred along the stems of the preexisting di-i"g (Paterson, 2001) and an experimentally-experimentally-derived flow apirs, which were easier to intrude than producing new intrusion paths.}aw for q"artz deforming in the dislocation creep regime in the presence of The second intrusion was not diapiric, instead the second buoyant material1-2  of melt (Gleason and Tullis, 1995). In addition, we compared these rose as dykes using the stem of the preexisting diapir as a mechanicallydata with deformation experiments on olivine plus basalt melt, also con-weak pathway. Once reaching the level of neutral buoyancy, the intrusiveducted in the ductile (viscous) field (Hirth and Kohlstedt, 2003). All these material spread laterally resulting in extensive expansion of the overhangdata show a dramatic decrease in viscosity for melt fractions < 0.06. There-of the pre-existing diapirs. Model results show that nested diapirs are nottore, they are consistent with the aforementioned results of experimentally necessarily the result of multiple phases of diapirism. Instead, they can bedeformed granite in the brittle field. Extrapolation of these results to natural the result of subsequent "ductile" dyking of buoyant material through theconditions suggests that localisation of deformation should effectively co-stems of preexisting diapirs. Consequently, nested intrusions (such asmcide wlm the onset of melting, or with very small melt fractions (0.06-CEPs) can form only when the stems of the earlier intrusions remain0-07). which may not always be detected in the field. ^yeakAnalogue, "see-through" experiments on the grain-scale deformation of 3 - Phacolithsmelt-bearing aggregates also point to a dramatic effect of small melt frac-This model (67 mm high and 100 mm wide) was build of a sequence of 14tions on the bulk deformation of the aggregate. Melting of the aggregate differently stained plastilina layers (between 2.5 and 7 mm thick; ^ = 4.2*during deformation induces a transition from a distributed to a highly lo-104 Pa s, p = 1.71 g/cm3). At the base and in the middle of the model, two 5Galised type of deformation. This transition, which finally leads to the de-mm thick buoyant PDMS layers ((^ = 4* 104 Pa s, p = 0.964 g/cm3) werevelopment of interconnected melt-bearing shear bands, takes place after a introduced with 7 mm thick cuboidal protrusions atop of each other tosma11 increment of ~ 0.15. cause the formation of two diapiric intrusions. After centrifuging for 30 min at 700 g, the model was sectioned. The PDMS of both the buoyant lay-ers had risen only a few millimeters to form two lenticular sills (phacoliths)References of 30 mm long and 10 mm high directly above both the cuboidal protru-^ ^ ^ Critical phenomena in the rheology of partially melted sions. During their move, the PDMS phacoliths had pushed their hanging^^ Tectonophys 44- 173-184 wall plastilina upward and pressed down their footwall plastilina simulta-^^ ^ ^ Kohlstedt' D.,' 2003. Rheology of the upper mantle and the neously. Pushing down of the footwall material choked the inflow of fur-^^ ^ ^ ^ ^ ^ experimentalists. Geophys. Monogr., ther PDMS into the feeder channel of the developing PDMS sills and inhib-i ^o. 0'; i n^ ited their further lateral growth or the continuation of their rise through theQ^^ ^ ^ ^^ j ^95 ^ ^ ^ ^ dislocation creep of plastilina overburden. The observed forced downward movement of theaggregates determined with the molten salt cell. Tectonophys, plastilina footwall of the forming PDMS phacoliths resembles the so-called^-j. , r^ "ductile downward flow" of host rock material around a rising pluton. Due-p^^ ^ ^001. A granular flow theory for the deformation of partially tile downward flow of crustal rocks is supposed to be a very important ver-melted rock Tectonophys 335- 51-61 tical material transfer process which provides space for granitoid diapirs as-Rosenberg C.L.' and M.R. Handy. 2005. Experimental deformation of par-cending through the Earth's crust. The downward pushing of host materialtiallymelted granite revisited: implications for the continental crust. J. made space for the developing PDMS phacoliths, but also inhibited their„. ^ , .,-, moo growth. This may indicate, that ductile downward flow is a viable space making process for the emplacement of a pluton, but not for its diapiric as-cent. In conclusion, all our experiments suggest, that a soft buoyant materialEMPLACEMENT MECHANISMS OF THE LATE-OROGENIC (may it be PDMS or RG in experiments or granitoid magma in nature) risesGRANITES IN SW FINLAND - A HISTORY OF REPEATED more easily through a stiffer overburden (may it be a mixture of plastilinaINTRUSIONS AND STRUCTURAL CONTROL with silicone putty or pure plastilina in experiments or silicic crustal rocks in nature) as dykes along mechanically weak zones than diapirically by ver-c-Ehlers T-stallors and 1. 1 orvela tical material transfer processes.^ ^ oology and Mineralogy, Abo Akademi University, FIN 20500
Turku, Finland, e-mail: carl.ehlers@abo.fi.
The development of the crust of the Fennoscandian shield progressed from

62 the earliest Archaean areas in the Kola peninsula towards SW and the Pro-      gabbroic bodies in the Trinity Massif: a northern body (China Mountain), a terozoic Svecofennian in central and southern Finland and Sweden,             central body (Bear Creek) and a southern body (Bonanza King). In the later development of the paleoproterozoic crust of southern Finland      The central body is the smallest one but contains the most regular lithologi-there is a transpressional phase with strong shearing along crustal-scale      cal transitions. From bottom to top, it consists of: 1) mantle peridotite with zones, high heat production, formation of migmatites and intrusions of      narrow pyroxenite layers. 2) a shallow dipping transition zone with alter-granites around 1840 Ma. Around 1800 Ma the crust in this part of the      nating bands of wehrlite, harzburgite and pyroxenite. The pyroxenites ex-shield was stabilized and the shearing continued in separate phases of ac-      hibit a thickness of more than 100 m and show a weak magmatic foliation. tivity along steep zones during the following c. 30 Ma. Small bimodal c.      Unlike a transition zone in fast spreading environments only rare plastic 1790 Ma old late erogenic intrusions were localized along some of the ma-      strain is visible. 3) weakly foliated gabbro. The transition from pyroxenite jor shears during their last stage of ductile or mylonitic activity. The latest      to gabbro is characterised by a gradual increase of interstitial plagioclase. reactivation along some of the shear zones is recorded by brittle pseudo-      4) vary-textured amphibole-bearing gabbro with local magmatic strain.The tachylites c. 1.6 Ga ago.                                                     whole sequence including the mantle is intruded by pegmatitic leucocratic gabbro dykes. A roughly estimated thickness of this sequence is 800 m.
The northern body consists, from bottom to top, of the following: 1) wehrlitic and pyroxenitic rocks representing in our view a disrupted transi-
THE ROLE OF HIGH-T SHEAR ZONES IN EXHUMATION         tion zone. 2) a vary-textured amphibole-bearing, mainly isotropic gabbro.
OF AN OROGEN: INSIGHTS FROM THE VARISCAN            3) amphibolized gabbro which shows plastic strain. Disruption of the tran-
GRANULITIC-AMPHIBOLITIC METAMORPHIC BASEMENT       sition zone appears thus related to the formation of the amphibolized gab-
IN SOUTHEAST CORSICA (FRANCE)                   bro. Observed plastic strain is restricted to this later intrusive body, sug-gesting to us that it is related to extensional ridge tectonics. F. Giacomini*, L. Dallai**, E. Carminati***, M. Tiepolo****               The southern body consists, from bottom to top, of the following: 1) small and C. Ghezzo*                                                         exposures of wehrlitic and pyroxenitic rocks overlying mantle peridotite, juxtaposed against foliated gabbro and dolerites. 2) gabbro and gab-
* Dipartimento di Science della Terra, Universitd di Siena,                  bronorite, foliated subparallel to the local dykes, i.e. with a steep foliation.
Via Laterina 8, 53100 Siena, Italy                                        A gradual transition from pyroxenite to gabbro as in the Bear Creek body is
** CNR, Istituto di Geoscienze e Georisorse, Via Moru^i 1, 56124 Pisa,      thus not observed. 3) vary-textured amphibole-bearing gabbro with a very
Italy                                                                         local foliation. 4) doleritic dikes and sills.
*** Dipartimento di Science della Terra, Universitd di Roma                  We observe two types of lateral contacts: 1) xenolithic margins, with man-
"La Sapienza", P.Ie A. Moro 5, 00185 Roma, Italy                       tie peridotite xenoliths in a magmatic breccia displaying heterogeneous **** CNR-Istituto di Geoscienze e Georisorse, Via F errata 1,                  magmatic strain. This type exhibits brittle behavior during emplacement of
27100 Pavia, Italy, e-mail: tiepolo@crystal.unipv.it.                      melt in a cold lithosphere. Cannat and Lecuyer (1991) describe this type as occurring in basal, lateral and roof positions. We also observe relic stems A system of high temperature, crustal-scale shear zones developing under a      and blocks of mantle peridotite lying in vary-textured gabbro. 2) a sharp transpressive dextral tectonic regime is thought to have deeply controlled      transition between mantle peridotite and gabbro. This sharp contact is de-the exhumation of the Variscan high-grade basement cropping out between      fined by dyke-like pyroxenitic intrusions, cut by pegmatitic leucocratic Solenzara and Porto Vecchio, southeast Corsica (France),                       gabbros. No magmatic strain is obvious. We interprete this as a reactivated A structural, petrological and geochronological (U/Th/Pb of zircon and      contact because of the sharp, sheet-like marginal zone. monazite) study revealed that this metamorphic basement represents an ex-      The topograhic highest positions of the northern and southern body might humed, supra-subduction tectonic melange and can be considered the root      reflect roof positions. There we observe an inhomogeneous succession of with peri-Gondwanan affinity of the Variscan chain in Sardinia-Corsica,      rare peridotite, pyroxenite, as well as doleritic dykes and mostly vary-tex-This tectonic melange is made up of rocks having experienced different PT      tured gabbro. This sequence is invaded by late plagiogranitic dykelets. conditions (eclogite-?, high-pressure granulite- and amphibolite-facies) in      Because of the predominance of pyroxenite as opposed to troctolitic rocks, different times, reflecting the progressive active non-coaxial deformation of      we confirm the arc-origin of the Trinity Ophiolite. The disrupted character the orogenic belt during the post^collisional exhumation stage. The Solen-      of the transition zones in China Mountain and Bonanza King suggests the zara granulites testify for the burial of continental crust down to high pres-      presence of multiple intrusive events.They probably caused displacement sure (1.4-1.9 GPa) and high- to ultrahigh temperature conditions (900-      of existing rock units. Specifically it is our impression that the abundance 1000°C) during the Variscan convergence about 360 Ma ago. The amphi-      of pyroxenites and primitive gabbros is too low relative to the exposed vol-bolite-facies migmatites cropping out in the Porto Vecchio region represent      ume of evolved vary-textured gabbro for a regular mantle derived magma. middle crustal levels rocks that reached their peak T conditions (~800°C at -1.0 GPa) at about 340 Ma. The diachronism of the two events suggests that the migmatites formed when the granulites were already exhumed at                                 References middle crustal levels, most likely through channel flow tectonics under continuous transpression. Starting from about 320 Ma the migmatites from      Cannat M. and C. Lecuyer, 1991. Ephermal magma chambers in the Trinity Porto Vecchio and the granulites of Solenzara shared the same structural         peridotite, northern California: Tectonophysics, 186: 313-328. and metamorphic evolution and were tectonically juxtaposed through the      Cannat M., Sauter D., Mendel V., Ruellan E., Okino K., Escartin J., Corn-development of a major dextral mylonitic zone under amphibolite facies         bier V. and Baala M., 2006. Modes of seafloor generation at a melt-conditions. The intrusion of large volumes of granodioritic melts at low-         poor ultraslow-spreading ridge. Geology, 34 (7): 605-608. pressure conditions (-0.3 GPa) and under low strain regime is constrained      Lesuer E., Boudier F., Cannat M., Ceuleneer G., and Nicolas A., 1984. The at 308-312 Ma by monazite U/Th/Pb isotope dating of andalusite- and         Trinity mafic-ultramafic complex: first results of the structural study of cordierite-bearing coronitic migmatites, and marks the final steps of the         an untypical ophiolite. Ofioliti, 9: 487-498. Variscan evolution in this sector of the chain.                                 Boudier F., Lesuer E. and Nicolas A., 1989. Structure of an atypical ophio-lite: the Trinity complex, eastern Klamath Mountains, California: Geol.
Soc. Am. Bull., 101: 820-833.
GABBROIC BODIES IN THE TRINITY OPHIOLITE K. Stremmel and G. Suhr                                          MYLONITIC GNEISS IN THE VARISCAN BASEMENT
AT PUNTA ORVILI, NE SARDINIA, ITALY University ofKoln, Dept. of Geology and Mineralogy, Koln, Germany
G. Cruciani*, F.M. Eiter**, M. Franceschelli*, D. Uteri*, B. Corsi** Models for slow spreading systems have been developed from drilling and      and G.L. Mallus* seismic results in recent oceanic crust (International Oceanic Drilling Pro-gramm; Atlantic-, Arctic-, Indian-Oceans) as well as field studies in ophio-        * Dipartimento di Science della Terra, Universitd di Cagliari, lites (e.g., Josephine, Alps, Ligurian,Trinity). A current endmember model         Via Trentino 51, 09127 Cagliari, Italy. for slow spreading systems suggests the crystallisation of discrete magma      ** Dipartimento per lo Studio del Territorio e delle sue Risorse, pulses in a lithospheric mantle environment (Cannat et al, 2006).                   Universitd di Geneva, Corso Europa 26, 16132 Genova, Italy. The Trinity Ophiolite displays discrete gabbroic bodies in a mantle envi-          e-mail :elter@dipteris.unige.it. ronment. It might be a good on-land analogue to test the applicability of the available models. We report here first results from a geologic study of three      The Punta Orvili area is located at the southern edge of the Migmatite

63 Complex in the Axial Zone of the Variscan belt, a few kilometers north of      sociation has been interpreted as a fossil ocean-continent transition along a the Posada Valley (NE Sardinia),                                             non-volcanic continental margin (Marroni et al., 1998). The mantle rocks Punta Orvili is an Alpine horst structure lying between a vertical northern      are Ti-pargasite-bearing spinel-plagioclase Iherzolites with a fertile geo-NE-SW-oriented fault and a southern one oriented E-W.                        chemical signature that represent unroofed subcontinental litosphere of the Punta Orvili rocks consist mainly of gneiss, mylonitic gneiss, calc-silicate      former Adria-Europe system (Rampone et al., 1995). They are associated in nodules and rare lenses of metabasite with eclogite facies relics. The main      places with garnet-bearing pyroxenite layers recording an early stage of foliation is the S, schistosity striking N 80° and dipping 30°-50° towards      equilibration in the subcontinental lithosphere under high pressure and tem-SE, related to the D., regional deformation event. Locally the S^ schistosity      perature conditions (-2.8 GPa and ~1100 °C, Montanini et al., 2006). is transposed by centimetric, sinistral strike-slip green-schist shear zones      In the peridotites enclosing the gamet-pyroxenite layers, the oldest recog-(SJ striking N 30° and dipping 60° towards SE. Three mineralogical lin-      nisable texture a spinel-facies low-strain tectonite, preserved in small do-eations have been recognized in the S, schistosity. From the oldest to the      mains. The spinel-facies assemblage is widely overprinted by plagioclase-youngest, they are: a Kfs+ Qtz lineation striking N30° - 50° and dipping      facies recrystallization associated with development of a mylonitic fabric 20°-30° towards SW with a syn-tectonic top-to-SW shear component; a Qtz      along hectometre-size shear zones. The mylonite microstructure is charac-lineation oriented N 40°, dipping 30° towards SW with the same shear      terised by aligned porphyroclasts of pyroxene + brown spinel + brown am-component as the previous one; a Bt ± Chl lineation striking N 20° and dip-      phibole and by an ultrafine-grained (-20-50 ?m) polyphase aggregate com-ping 15°-30° towards SW.                                                   posed of olivine + pyroxenes + plagioclase (+/- spinel, +/- accessory brown The mylonitic gneiss is characterized by millimetric to centimetric quartz-      amphibole) occurring as mm-sized bands, lenses and porphyroclast tails. feldspathic aggregates enveloped by the S~ foliated phyllosilicate-rich matrix.      Crystals in this polyphase matrix commonly display grain boundary align-Three main types of crystal aggregates can be distinguished: quartz, plagio-      ment parallel to the mylonitic foliation. Orthopyroxene porphyroclasts are clase and K-feldspar. Quartz-rich aggregates consist of deformed quartz      stretched along the mylonitic foliation with high aspect ratio (up to -10). crystals (up to 10-15) irregular in shape and varying in size, mainly elon-      Both pyroxenes commonly show evidence for intracrystalline deformation. gated parallel to the regional schistosity. Deeply-sutured boundaries can      Plagioclase occurs as (i) thin rims between spinel and pyroxene porphyro-sometimes be observed. Plagioclase-rich aggregates are made up of polyg-      clasts, (ii) tiny neoblastic grains in the mylonitic matrix and, rarely, (iii) ex-onal plagioclase (up to 20-25 grains) crystals with nearly 120° grain bound-      solution in clinopyroxene porphyroclasts. Textural, chemical and miner-aries, interstitial quartz and K-feldspar. Plagioclase ranges in composition      alogical evidence indicate that plagioclase formation and concomitant de-from oligoclase (An,.,) in the core to albite An^ in the rim. Some of these      formation occurred under subsolidus, melt-absent conditions (T - 950 °C) aggregates consist of polygonal albite crystals,                                 during exhumation of this mantle section. The fine-grained plagioclase-K-feldspar-rich aggregates consist of layers of recrystallized polygonal grains      bearing mylonites were subsequently overprinted by a widespread of K-feldspar with nearly 120° grain boundaries alternating with K-feldspar      polyphase brittle deformation under decreasing temperature conditions, ribbons. Some of the ribbons contain elongated K-feldspar crystals. The      coupled with hydration. The brittle evolution included an early amphibo-polygonal grains of K-feldspar are surrounded by an irregular thin albite rim.      lite-facies stage, followed by low-temperature hydrothermal alteration and Albite is almost pure (An^), while K-feldspar contains Nap up to 0.7-1.0      serpentinisation associated with polyphase cataclasis. These ubiquitous wt. Elongated, irregularly-shaped quartz porphyroclasts sometimes occur      brittle structures are consistent with a shallow detachment fault event that within K-feldspar-rich centimetric clusters. Preliminary XRD data on two      re-activated rheological weaknesses of the lithospheric mantle developed centimetric K-feldspar-rich aggregates reveal the presence of orthoclase.           under high temperature conditions (i.e. the plagioclase-facies shear zones). A few aggregates consist of 15-20 polygonal apatite grains surrounded and      The timing of the early decompression of the External Liguride mantle sec-enveloped by the phyllosicate matrix,                                         tion, from the garnet stability field, is unconstrained. Conversely, Lu-Hf The matrix is made up of abundant muscovite, chlorite and fibrolitic silli-      and Sm-Nd cooling ages obtained on garnet pyroxenites indicate that the manite parallel to rock foliation, flowing around the quartz-feldspathic ag-      low-pressure (< 0.9 GPa) portion of the exhumation, including the plagio-gregates described above. Muscovite has Si content close to 6.2 a.p.f.u. and      clase-facies mylonites, was related to the Upper Triassic-Lower Jurassic X^ of 0.3-0.4. Large flakes of muscovite often grow on fibrolitic silliman-      rifting that led to continental break-up. We propose that the External Lig-ite. Chlorite, mostly associated with K-feldspar and rutile, mainly repre-      uride plagioclase mylonites formed by an extensional shearing event relat-sents the re-equilibration product of a Ti-rich biotite.                           ed to lithospheric "necking stage" caused by the ascent of underlying as-Accessory minerals are zircon, monazite and Fe-oxide. Zircon grains,      thenosphere, as predicted by numerical, analogue and conceptual models of mostly within 50-100 microns in size, occur as anhedral, zoned crystals      formation of non-volcanic-rifted margins (Brun & Beslier, 1996; Bowling made up of an euhedral core surrounded by a continuous rim of variable      & Harry, 2001; Whitmarsh et al., 2001; Michon & Merle, 2003), and thickness,                                                                  marked the onset of the Mesozoic rifting evolution. Relics of an S, metamorphic foliation are sometimes preserved in centimet-ric feldspar-rich aggregates. Feldspar-rich aggregates are characterized by an absence of pressure shadows, suggesting post-tectonic with respect to S^                                   References and syn-tectonic with respect to S^: i.e intertectonic growth between D^ and D,. Moreover, feldspar crystallization continued after the D^ deformation      Bowling J.C. and Harry D.L., 2001. Geol. Soc.London Spec. Publ., 187: as a recovery process (Felds > D^).                                              511-536 As a working hypothesis, these microstructures could be interpreted as      Brun J.P. and Beslier M.O., 1996. Earth Planet. Sci. Lett., 142: 161-173. high-temperature recrystallization coeval with non-coaxial D^ deformation,      Marroni M., Molli G., Montanini A. and Tribuzio R., 1998. Tectono-perhaps in the presence of melt.                                                 physics, 292: 43-66.
Michon L. and Merle 0., 2003. Tectonics, 22: 1028, doi
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Montanini A., Tribuzio R. and Anczkiewicz R., 2006. J. Petrol., 47: 1943-
RECORD OF LITHOSPHERIC THINNING                   1971.
IN THE SUBCONTINENTAL MANTLE (EXTERNAL LIGURIDE      Rampone E., Hoffmann A.W., Piccardo G.B., Vannucci R., Bottazzi P. and
OPHIOLITES, NORTHERN APENNINE, ITALY):               Ottolini L., 1995. J. Petrol., 36: 81-105.
FROM RIFTING TO CONTINENTAL BREAKUP             Whitmarsh R.B., Manatschal G. and Minshull T.A., 2001. Nature, 413:
150-154. A. Montanini* and R. Tribuzio** * Dipartimento di Science della Terra, Universitd di Parma,
1-43100 Italy, e-mail: alessandra.montanini@unipr.it.                       QUARTZ C-AXIS PATTERNS DURING THE GRANITOIDS ** Dipartimento di Science della Terra, Universitd di Pavia,                     COOLING: EXAMPLES FROM THE LATE HERCYNIAN
1-27100 Ital., e-mail: tribuz.io@crystal.unipv.it.                                  MID-CRUSTAL SHEAR ZONE OF SILA MASSIF
(CALABRIA, SOUTHERN ITALY) The External Liguride peridotite bodies from the Northern Apennine repre-sent a rare tectonic sampling of deep levels of subcontinental lithosphere      V. Festa* and D. Lotta** exhumed at an ocean-continent transition and therefore provide a good op-portunity of throwing light into the evolution of subcontinental lithospheric       * Dipartimento Geomineralogico, Universitd degli Studi di Ban. Italy mantle affected by extensional processes. In the External Liguride units,      ** Dipartimento di Geologia e Geofisica, Universitd degli Studi di Bari, ophiolites consist of slices of exhumed subcontinental mantle, basalts and         Italy, e-mail: d.liotta@geo.umba.it. rare gabbroic rocks, together with continental crust bodies locally display-ing primary relationships with the ophiolites (Marroni et al., 1998). This as-      The geometry of quartz c-axis data distribution in X (foliation and stretch-

64 ing lineation), Z (normal to the foliation and lineation given by X) and Y      ence the rheology of the crystal mush and the second factor control strain (perpendicular to X and Z) stereonets allows to extrapolate, strongly asso-      localization in crustal scale. In areas of pure hydrate breakdown melting the ciated with microstructural observations, important indications on meta-      melt volumes and melt distribution may be relative uniform, whereas in ar-morphic conditions, finite strain and structural evolution during natural de-      eas of fluid assisted melting, both varies strongly. formation of quartz-rich rocks. This research study emphasizes the impor-      Melting triggered by influx of a free aqueous fluid in the continental crust tance of the quartz c-axis texture, associated with microstructural observa-      has often been inferred, but the source of water in such a context remains a tions, to infer temperature conditions and remarks on the microstructural      matter of debate. As an illustrating example, we discuss the petrology, development of quartz during non-coaxial deformation of Late-Carbonifer-      structures and geodynamic setting of water assisted melting in the Central ous, mid-crustal granitoids of the Sila Massif.                                 Alps (Switzerland, Northern Italy). These migmatites comprise various Microstructural observations and c-axis measurements have been carried      structural types (e.g. metatexites, diatexites, melt in shear zones), which re-out on foliated granodiorite and tonalite, which are the most widespread      fleet variable melt fractions. The melting event itself as well as the variable syn-tectonic plutonic rocks. The foliation is continuous or spaced. Continu-      melt fractions is often related to the amount of aqueous fluids. At a given P ous foliation is magmatic and defined by the alignment of both biotite      and T, melt-fractions in rocks of minimum melt composition correlate with flakes and outstanding igneous, euhedral to subhedral K-feldspar grains,      the amount of infiltrated aqueous fluids. In more granodioritic systems the sourronded by a fine-grained matrix made up of millimetric quartz and pla-      water distributes between melt and newly crystallizing hydrous phases such gioclase grains and biotite flakes. Spaced foliation is represented by layer-      as amphibole, such that the melt fraction correlates with the contents of ing highlighted by composition and grain-size variations. In particular, cm-      Hp, Al, and Ca in the system. Phase-equilibrium modelling indicates that thick leucocratic layers of quartz and feldspar grains alternate with milli-      the stabilization of amphibole leads to slightly lower melt fractions than in metric to centimetric grain-size biotite-rich melanocratic layers. The mag-      a granitic system at the same P, T and bulk water content. In addition mus-matic lineation, in granitoids with continuous foliation, is defined by the      covite breakdown melting contribute to the migmatite belt. In this example alignment of igneous K-feldspars, while a stretching lineation, given by      the volume of muscovite and the bulk chemistry control the amount of elongated aggregates of quartz and feldspars, is present in layered pluton-      melt. ics. As regards microstructures, elongated grains of quartz locally form      The structural relevance of these different types of melting and melt vol-mm-thick ribbons in the leucocratic layers. In the layers and matrix, grains      umes affect the local mechanical behavior of the partially molten rocks. of quartz exhibit a wide range of microstructures such as chessboard pat-      Thereby, we have to consider volume changes occur during water assisted terns, prismatic and sutured grain boundaries, deformation bands, deforma-      melting, apparent overprint relations of leucosomes by water recycling and tion lamellae, undulose extinction. The c-axis of elongated grains in rib-      different type of deformation localisation depending on the type of melting bons and scattered grains with sutured boundaries both in the biotite-rich      and melt fractions layers and matrix have been measured using the universal stage. The c-axis textures in stereonets are mainly characterized by point maxima with a monocline simmetry. In addition, some c-axis textures show an orthorhom-bic simmetry and a strong dispersion of data. Three different point maxima        ULTRAMAFIC PSEUDO-TACHYLITES IN THE MONCUNI characterize those c-axis textures with a monoclinic simmetry: (i) point      OPHIOLITIC PERIDOTITE (LANZO MASSIF, WESTERN ALPS): maxima at 20-40° from X axis, toward the east-dipping stretching lin-           RECORDS OF EARTHQUAKES DURING FORMATION eation; (ii) point maxima at 50-70° from X axis, toward the east-dipping                   OF THE JURASSIC LIGURIAN TETHYS stretching lineation (iii); point maxima around Y axis. The first two point maxima are related to the simultameous prism [c] and basal slip, respec-      M. Marasco, G.B. Piccardo and A. Pruzzo tively. A similar domination of slip systems is inferred for the c-axis pat-terns with an orthorhombic simmetry showing two point maxima at 30-40°      Dipartimento per lo Studio del Territorio e delle sue Risorse, from X axis, with an opening angle around Z axis up to 120°. Simultaneous      Universitd di Genova, Corso Europa 26,1-16132, Genova, Italy. prism [c] and basal slips operated during deformation at HTs (above 700°      e-mail: piccardo@dipteris.unige.it. C) in the high-quartz stability field, as suggested by the presence of chess-board patterns in quartz. The point maxima around Y axis is related to the      The small (a few km2) ultramafic body at Mt. Moncuni (southern side of domination of prism slip system in elongated grains forming mm-thick rib-      the Susa Valley), is a satellite of the South Lanzo ophiolitic peridotite body bons, which operated in intemediate temprature conditions,                     and consists of plagioclase peridotites, metre-scale masses of spinel(sp) Despite the presence of microstructures in quartz, suggesting deformation      dunites and harzburgites, and widespread gabbroic dykes and porphyritic under intermediate- to low-grade conditions, it is possible to infer that c-ax-      mafic dykes, plagioclase peridotites and gabbroic dykes are deformed is orientations acquired under higher temperature conditions was partially      along metre- to decametre-scale extensional shear zones which show cm-preserved under later decreasing temperature during deformation. Under      to dm-wide, dm- to m-long, veins of extremely fine-grained pseudo-HT conditions (above c.a. 700° C) chessboard patterns in quartz grains de-      tachylites, both concordant (fault-vein type) and discordant (injection-vein veloped in the crystallized magma during deformaton. A lattice preferred      type) to the tectonite-mylonite foliation of shear zones, and have very sharp orientation was reached by the simultaneous operation of prism [c] and      contacts with the host rock. Coarse-grained porphyritic mafic dykes cut basal slips, as recorded by point maxima between X and Z axis. HT condi-      across both deformed plagioclase peridotites and shear zones. tions during deformation are also suggested by the opening angle between      Host plagioclase peridotites, similarly to the South Lanzo plagioclase peri-point maxima around Z axis. Under subsequent intermediate temperature      dotites (Piccardo et al., 2007), record melt-peridotite interaction and melt conditions mm-thick ribbons locally formed with a new c-axis orientation      refertilization during the pre-oceanic evolution of this lithospheric mantle in elongated grains around the Y axis. Despite grain boundary migration re-      section. The very fine grained tectonite-mylonite and cataclastic bands of crystallization, the previous lattice preferred orientation acquired during      the shear zones have neoblastic mineral assemblage (ol + pig + px) indicat-HT deformation is preserved in the measured quartz grains with sutured      ing early equilibration under plagioclase-facies conditions (< 1.0 GPa). In boundaries embedded in biotite-rich layers and matrix. Prismatic and su-      places within the shear bands, Mg-homblende amphibole was formed sta-tured subgrain boundaries in quartz developed during deformation under      ble with plagioclase and pyroxenes and, subsequently, tremolitic amphibole intermediate temperature conditions. Finally, deformation bands, deforma-      was formed in equilibrium with plagioclase, but replacing both clinopyrox-tion lamellae and undulose extintion widely produced in quartz grains dur-      ene and olivine. Amphibole-bearing assemblages suggest subsequent equi-ing deformation under low temperature conditions without changing the      libration under amphibole-bearing plagioclase-peridotite facies conditions previously preferred orientation of c-axis in the measured grains,                and, subsequently, under amphibolite-facies conditions.
The plagioclase-peridotite-facies of the host plagioclase peridotites record
T of about 1150°C, most probably related to the melt impregnation event; the amphibolite-facies assemblage of the hydrated shear zones, record T of
DIFFERENT MELT FRACTIONS IN A SINGLE MIGMATITE        about 900°C, suggesting that this mantle section was exhumed to shallower
BELT: THE ROLE OF ROCK-COMPOSITIONS,             and colder lithospheric levels during extension-driven exhumation, prior to
FLUID-INFILTRATION PATHWAYS AND TECTONICS          pseudo-tachylite formation.
Pseudo-tachylite veins are composed of an ultra-fine grained to glassy ma-A. Berser                                                                  trix with minor amounts of clastic olivine grains or aggregates and lithic mylonitic clasts. The matrix of the larger, dm-wide veins is crystallized to Insitutfiir Geologic, Universitdt Bern, Baltzerstr. 1-3, CH-3012 Bern,           spinifex-type textures, formed by radial aggregates of elongated orthopy-Switzerland. e-mail: berger@geo.unibe.ch.                                    roxene crystals, showing clinopyroxene rims, surrounded by microgranular aggregate of rounded olivine crystals. Pseudo-tachylite bulk rock composi-In migmatite areas deformation depend on two important factors: (1) the      tion is peridotitic (i.e. SiO^ = 42.9-44.3 wt, Al^Og = 2.4-3.8 wt, CaO = local melt fractions and (2) the distribution of melt. The first part will influ-      2.3-3.1 wt and MgO = 39.4-41.9 wt), and show bulk rock Cl-normal-

65 ized REE patterns flat in the M-HREE region (< 2xCl) and variably frac-      2004; 2007a); (2) the presence of melts showing alkaline affinity which mi-tionated in the LREE (CeN/SmN 0.22-0.50). Pseudo-tachylite minerals      grated within replacive spinel harzburgite channels cutting impregnated preserve, in places, peculiar major element compositions: i.e. olivine (CaO      plagioclase peridotites (Piccardo et al., 2006; 2007b). up to 0.39 wt, Cr^O^ up to 0.4 wt), clinopyroxene (Al^O^ up to 14.5      Accordingly, stratigraphic-structural features (i.e. mantle at the sea-floor wt) and orthopyroxene (CaO up to 2.03 wt), which indicate very high      and altemance of a-volcanic and volcanic segments) and petrologic features temperature of formation. In fact, geothermometric estimates indicate crys-      (presence of alkaline melts and strongly heterogeneous, melt-modified tallization temperatures higher than 1250°C. The host peridotite, close to      mantle peridotites) are in favour of the interpretation of the Ligurian Tethys the contact with the veins, has orthopyroxene showing exceptionally high      as a Jurassic analogue of modem ultra-slow spreading ridges (Piccardo, CaO contents (up to 3.3 wt), indicating that very high thermal conditions      2006; 2007). (T up to 1430°C) were locally reached in the shear zones.                       Structural-petrologic features of the Alpine-Apennine ophiolitic peridotites Structural and compositional characteristics indicate that pseuo-tachylites      document the interplay between lithosphere extension and deformation, as-originated by localized, nearly complete melting of the host peridotite. For-      thenosphere partial melting and melt percolation in the mantle lithosphere mation ofultramafic melts in peridotite shear zones implies the presence of      (Piccardo and Vissers, 2007; Piccardo, 2006; 2007). During pre-oceanic strongly localized, very high shear heating due to very high shear stresses      rifting stages of the basin: (1) lithosphere extension caused formation of on the fault plane represented by the shear zones. The formation of spinifex      km-scale shear zones in the mantle lithosphere which were relevant to textures indicates very rapid crystallization of the ultramafic melt. These      lithosphere thinning and to exhumation of the sub-continental mantle; (2) conditions are fully consistent with an earthquake. Thus, faulting close to      lithosphere extension and thinning caused adiabatic upwelling and decom-the ductile-brittle transition in the hydrous peridotite system provides a      pressional melting of the underlying asthenosphere; (3) diffuse porous flow mechanism for earthquakes in the shallow upper mantle,                        of asthenospheric melts through the extending mantle lithosphere caused Bulk rock and mineral compositions of intrusive gabbroic dykes and sub-      compositional and rheological modification of the mantle lithosphere lead-volcanic porphyritic mafic dykes which preceded, the former, and fol-      ing to its thermo-chemical erosion. lowed, the latter, the formation of shear zones and ultramafic pseudo-      Deformation and melt-related processes in the mantle lithosphere mutually tachylites indicate the MORB affinity of their parental magmas. MORB      enhanced during lithosphere exhumation, played a fundamental role in weak-gabbroic dike intrusion has been dated at 160 Ma in the Lanzo massif      ening the extending mantle lithosphere and were controlling factor in the tran-(Kaczmarek et al., 2005). Accordingly, shear zones and pseudo-tachylites      sition from distributed continental deformation to localised oceanic spreading were formed between different episodes of MORB oceanic magmatism in      (Piccardo and Vissers, 2007; Corti et al., 2007; Ranalli et al., 2007). the Jurassic Ligurian Tethys.                                                 Across-axis variation of the petrologic characteristics of mantle peridotites In conclusion, ultramafic pseudo-tachylites in the Mt.Moncuni ophiolitic      evidences the different evolution stages of the basin: (1) peridotites from peridotite are records of Jurassic earthquakes related to extensional faulting      Ocean-Continent Transition (OCT) Zones are represented by exhumed sub-in the shallow mantle during exhumation from sub-continental lithospheric      continental lithospheric mantle, representing the rifting stage; (2) Peri-levels to the sea-floor of the Jurassic Ligurian Tethys.                          dotites from More Internal Oceanic (MIO) Setting are represented by strongly heterogeneous, melt-modified peridotites, representing the transi-tional drifting stage; (3) Some peridotite bodies (Monte Maggiore, Corsica)
References                                  from More Internal Oceanic (MIO) Settings could represent Jurassic resid-ual mantle, cogenetic with the Jurassic MORB melts, representing the Kaczmarek M.-A., Rubatto D. and Miintener 0., 2005. SHRIMP U-Pb zir-      oceanic spreading stage. con dating of gabbro and granulite from the peridotite massif of Lanzo      The LIGURIA MODE, a conceptual model for inception and evolution of
(Italy). Geophys. Res. Abstr. 7; 03098.                                    an ultra-slow spreading oceanic basin, whose formation was dominated by Piccardo G.B., Zanetti A. and Miintener 0., 2007- Melt/peridotite interac-      the passive extension of the continental lithosphere, implies: tion in the South Lanzo peridotite: field, textural and geochemical evi-      A) The rifting (continental) stage, dominated by extension and thinning of dence. Lithos, 94 (1-4): 181-209.                                         continental lithosphere and tectonic exhumation of sub-continental lithos-pheric mantle by km-scale extensional shear zones.
B) The drifting (transition) stage, characterized by progressive thinning of the continental lithosphere an by concomitant melt-related processes.
TECTONIC AND MAGMATIC PROCESSES IN A FOSSIL          Lithosphere extension and thinning induce adiabatic upwelling and decom-
ULTRA-SLOW SPREADING OCEAN: THE STUDY CASE          pressional partial melting of the asthenosphere. MORB-type fractional
OF THE JURASSIC LIGURIAN TETHYS                 melts percolate through the overlying sub-continental lithospheric mantle along the axial zone of the future oceanic basin, and modify large areas of G.B. Piccardo                                                             the extending sub-continental mantle. Oceanic refractory peridotites, resid-ual of asthenosphere partial melting and cogenetic with the MORB melts Dipartimento per lo Studio del Territorio e delle sue Risorse,                   are formed and continuously accreted to the thermal lithosphere after Universitd di Genova, Corso Europa 26,1-16132, Genova, Italy.                MORB melt extraction. e-mail: piccardo@dipteris.unige.it.                                           C) The spreading (oceanic) stage, characterized by complete failure of the continental crust, and direct exposure at the sea-floor of mantle peridotites: The Jurassic Ligurian Tethys formed by lithosphere extension and failure      (1) sub-continental peridotites (at OCT settings), (2) melt-modified sub-in the Europe-Adria realm. Stratigraphic-structural evidence from the      continental peridotites and (3) refractory residual peridotites after oceanic Alpine-Apennine ophiolites indicate that the basin was floored by mantle      partial melting (at MIO settings). peridotites and was characterized by a discontinuous basaltic cover (along-      Accordingly, lithosphere extension and thinning are accomodated by axis altemance of a-volcanic and volcanic segments),                          lithosphere-scale extensional shear zones and induce asthenosphere adia-In present-day oceanic basins the direct exposure at the sea-floor of crust-      batic upwelling and decompressional melting. Mantle lithosphere is weak-free mantle lithosphere is more common than previously recognized. It has      ened by heating from upwelling asthenosphere and diffuse percolation of been suggested that nearly half of the global mid-ocean ridge system is      asthenospheric melts. The thermo-mechanical erosion of the mantle lithos-made of mantle peridotites (Dick et al., 2003). Recent investigations of the      phere facilitates transition from distributed lithosphere deformation to lo-South-West Indian and Arctic Ridges have evidenced an ultra-slow spread-      calized oceanic spreading. ing ridge class that is characterized by intermittent volcanism (altemance of a-volcanic and volcanic segments) and continuous emplacement of mantle to the seafloor over large regions, whereas the spreading rate is approxi-                                   References mately lower than 20 mm yr -1 (Dick et al., 2003). Distinctive characteristics of the ultra-slow spreading ridges are: (1) the      Corti G., Bonini M., Innocenti F., Manetti P., Piccardo G.B. and Ranalli G., strong compositional variability of the exposed abyssal peridotites which has         2007. Experimental models of extension of continental lithosphere been related to melt migration and melt-peridotite interaction; (2) the relative         weakened by percolation of asthenospheric melts. J. Geodyn. (in press). abundance of mildly enriched or even alkaline basalts, which have been re-      Dick H.J.B., Lin J. and Schouten H., 2003. An ultraslow-spreading class of lated to melting of gamet-eclogite/pyroxenite or veined mantle sources,               ocean ridge. Nature, 426: 405-412. Recent investigations on ophiolitic peridotites from the Alpine-Apennine      Piccardo G.B., 2006. The pre-oceanic evolution of the Jurassic Ligurian ophiolites have evidenced: (1) the strong compositional heterogeneity of         Tethys: a fossil slow/ultra-slow spreading ocean: the mantle perspec-mantle peridotites (both pyroxene depleted/olivine enriched         tive. Eos Trans. AGU 87 (52), Fall Meeting Suppl. Abstract. harburgites/dunites and melt-impregnated and refertilized plagioclase peri-      Piccardo G.B. and Vissers R.L.M., 2007. The pre-oceanic evolution of the dotites) related to widespread interaction of pristine sub-continental lithos-         Erro-Tobbio peridotite (Voltri Massif - Ligurian Alps, Italy). J. Geo-pheric peridotites with percolating MORB-type melts (Piccardo et al.,         dyn. (in press).



