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The Andean Range along the western side of South America is a typical example of an active margin tectonic setting, where the oceanic crust of the Nazca plate subducts under the South American continent. Since the advent of plate tectonics, high-pressure metamorphic rocks are recognised as an essential characteristic of convergent plate boundaries. The main reasons that drove this study to focus on the tectono-metamorphic evolution of high-pressures terranes in SW Ecuador are due to the peculiarity of the Raspas Complex geology. ln fact the Raspas Complex contains one of the few eclogitic bodies in the northern Andes and it is localised on the western side of the Andean chain in an active margin context. The rarity of the occurrence of eclogites and blueschists in such a geological framework let to identify the El Oro province as a key area to obtain new and important insights into the Andean geodynamic and the exhumation processes.

A detailed field analysis of the Raspas Complex area represented the starting point of this study, followed by the petrological and geochemical characterisation of the HP units, namely the El Toro ultramafites, the Raspas metabasites and the Raspas metapelites. Field investigations allowed: i) to re-define the "Raspas Complex" as an independent tectono-metamorphic unit; ii) to discover a tectono-metamorphic blueschist-facies terrane, named the Arenillas-Panupali unit; iii) to define the Piedras-Amphibolites unit as an independent tectono-metamorphic body underplated to the Tahuin Group continental block. The geochemical study revealed for the HP mafic rocks oceanic plateau affinities, while the Arenillas-Panupali and Piedras metabasites are consistent with a N-MORB origin .

The HP metaperidotites are typical of moderately depleted mantle peridotites. Mineral assemblages and microtextures of the El Toro formation rocks allowed to define a main body of metaperidotites with pyroxenite layers (now diopside-amphibole-chlorite-rich bands) . A subordinate ultramafic banded intrusion is composed by olivine rich bands alternated to amphibole-diopside-chlorite bands. Basic dykes crosscut the ultramafic body. The metamorphic evolution of the El Toro ultramafic unit is resumed in two main phases: the former is related to recrystallisation during mantle decompression with temperature decrease until oceanic metamorphism conditions. The younger is mainly related to 1 the subduction of the ultramafic unit. Pristine mantle peridotites, with pyroxenite layers, were characterized by spinel-facies assemblages, indicative of equilibrium recrystallisation at moderate pressure conditions (P ranging 10-20 Kb). The subduction related metamorphic evolution of the ultramafic body reached eclogite facies conditions at temperature not higher than 500-550°C. Raspas metabasites are composed of eclogites, garnet-amphibolites and blueschists. The bulk-rock chemistry indicate different protholiths for the eclogites and the garnet-amphibolites, while the observed parageneses indicate that they experienced the sa me P-T conditions. At peak conditions temperatures gave averaged values of -580°±50°C, and the pressure yielded by the eclogites average around -19kbar. The blueschist chemical and petrographie characters are consistent with a retrograde stage of the eclogites stating the transition from the eclogite-facies to the high-T blueschistfacies. The Raspas metapelites show the garnet-chloritoid-kyanite eclogite-facies key assemblage yielding metamorphic peak conditions estimated at about 20 kbar, 550-600°C. The observed decrease P.
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GENERAL INTRODUCTION

Note: for the cited references refer to Chapter 1.

Plate tectonic setting of the Andean Range.

The Andean Range along the western side of South America is a typical example of an active margin, where the oceanic crust of the oceanic Nazca plate is presently subducted under the South American continent.

A thickened continental crust developed above the subducting oceanic lithosphere since the Late Cretaceous, as a result of magmatic underplating and/or contractional crustal thickening, and of accretions of magmatic arcs and oceanic plateaux (Gansser, 1973;Feininger and Bristow, 1980;Aspden and McCourt, 1986;Mégard, 1987;Litherland et al., 1994;[START_REF] Jaillard | Late Cretaceous stratigraphy of Northern Peru and Ecuador, a preliminary revision[END_REF]. Accretion of oceanic material in the Western Cordillera and Coastal area of Ecuador is thought to have occurred mainly between the Late Cretaceous and the Eocene (Feininger and Bristow, 1980;Lebrat et al., 1987;Jaillard et al., 1995;Reynaud et al., 1999;Kerr et al., 2002), but a latest Jurassic-Early Cretaceous accretionary event is also assumed at the western edge of the Eastern Cordillera [START_REF] Aspden | The geology and Mesozoic collisional history of the Cordillera Real , Ecuador[END_REF]Litherland et al., 1994 ).

ln the plate tectonics paradigm, high-pressure metamorphic rocks are acknowledged as an essential characteristic of convergent plate boundaries. Most high-pressure 1 law-temperature metamorphic rocks, namely blueschists and eclogites, result from the subduction of oceanic lithosphere, subsequently exhumed. ln this conceptual framework, the genesis of high pressure-law temperature (HP-L T) metamorphism is related to the thermal ~cructure of subduction zones, where low geothermal gradients prevail during convergence, due ta the burial of cold oceanic lithosphere (e.g. Ernst, 1973;Peacock, 1996) (figure 1 ). Relies of high-pressure ta ultra-high-pressure parageneses in continentally-derived material have also proven the existence of continental subduction (Maruyama et al., 1996).

Exhumation of deeply-buried rocks is problematic, since this process requires a mechanism able to remove the overburden and/or to transport the metamorphic rocks through the overburden while preserving the high-pressure parageneses. Various processes have been proposed, which are mainly related to the application of externat forces (i.e. extrusion, strike-slip faulting, etc.), ta the intervention of internai (i.e. buoyancy) forces [START_REF] Chemenda | A mechanism for syn-collisional rock exhumation and associated normal faulting: Results from physical modelling[END_REF], or to the combination of underplating and post-collisional lithospheric extension (Piatt, 1993). Therefore, exhumation can be seen as a result of tectonic processes (refer to chapter 6).

Exhumation of high-pressure rocks: the peculiarity of the Raspas Comp/ex.

The high-pressure metamorphic rocks of the Raspas Complex represent the core of a large area of regionally metamorphosed rocks, the El Oro metamorphic Complex, located in the southwesternmost part of Ecuador, not far from the present-day active subduction zone. To study exhumation mechanisms along such an active margin setting, where oceanic crust has been continuously subducted from pre-Jurassic times, may appear as a poorly fruitful project. The reduced probability that geodynamic conditions permitted the exhumation of oceanic material previously

General Introduction subducted at great depth (more than 50 km) is confirmed by the scarcity of high-pressure rocks occurrences.

Nevertheless, the study of deeply buried eclogites occurring in an active margin setting, as is the case for the Raspas Complex eclogitic rocks, can provide new insights on exhumation mechanisms and on the dynamic of subduction zones. Hence, in order to reach this target, this study was focused on the Raspas Complex for two main reasons.

The first reason refers to the unique location of the Raspas Complex in the framework of the North and Central Andean chain. As a matter of fact, the structural trend of the northern Andes, namely the Andes of Ecuador and Colombia, is roughly NNE-SSW, and differs from the Peruvian Central Andes that show a general NW-SE strike (figure 2). On the contrary, the Raspas Complex is located North of a region of small hills, named the Cordillera de Tahuin (also referred as Tahuin massif), where the main structures strike roughly East-West. This region represents part of the transition zone between the northern and central Andes, that is known in the geological literature as the "Huancabamba deflection" (Gansser, 1973;Maurier et al., 1988) (figure 3).

The transition zone, also referred to as the Huancabamba Andes, has been related to a probable accreted micro-continent named the Amotape-Tahuin terrane (Maurier et al., 1988;Mégard, 1989), which crops out in northwestern Peru (Amotape Massif) and in southeastern Ecuador (Tahuin Massif of the El Oro Province). The nature and significance of this assumed terrane have been recently reassessed (Jaillard et al., 1990;Litherland at al., 1994;Aspden et al., 1995;[START_REF] Jaillard | Late Cretaceous stratigraphy of Northern Peru and Ecuador, a preliminary revision[END_REF].

lndependently from the different interpretations proposed for the Amotape-Tahuin terrane, the E-W striking structure of the area remains unexplained. ln tact, the occurrence of high-pressure metamorphic rocks, which characterise the Raspas Complex (Feininger, 1980), still needs to be interpreted , and integrated while proposing an exhumation mechanism.

The second reason concerns the metamorphic grade of the rocks belonging to the Raspas Complex: they are the only outcrops of Mesozoic eclogite-facies assemblages known in the Andes (figure 4).

According to Maruyama et al. (1996) only three Mesozoic blueschist localities are known from the northern Andes:

• The Jambal6 blueschists in Colombia (Orrego et al., 1980;Feininger, 1982).

• The Patia Valley blueschists in Colombia (Souza et al., 1984).

• The Raspas blueschists and eclogites in soutwestern Ecuador (Feininger, 1980).

The metamorphic rocks of these three localities yielded Early-Cretaceous ages (see cited references), differing significantly from the other few occurrences of high-pressure rocks described in Chile [START_REF] Hervé | Late Paleozoic K/Ar ages of blueschists from Pichilemu, central Chile: Earth Planet[END_REF][START_REF] Kato | The relationship between law-grade metamorphism and tectonics in the coast ranges of central Chile : unpublished Ph[END_REF]Lucassen et al., 1999), which are dated as Late-Carboniferous and/or Late-Triassic [START_REF] Hervé | Rb-Sr isotopie ages from late Paleozoic metamorphic rocks of central Chile[END_REF].

ln the Caribbean region, North of the Colombian Andes, Cretaceous eclogites and blueschists [START_REF] Case | Map of the geological provinces in the Caribbean region, in Caribbean-South American plate tectonics[END_REF] form a high-pressure belt including the Margarita Island (Mares ch and Abraham, 1981;

General Introduction Stëckhert et al., 1997), the Puerto Cabello [START_REF] Morgan | Petrology and mineralogy of eclogite and gamet amphibolite from Puerto Cabello, Venezuela[END_REF], and the Villa de Cura [START_REF] Smith | Two contrasting pressuretemperature-lime paths in the Villa de Cura blueschist belt, Venezuela; possible evidence for Late Cretaceous initiation of subduction in the Carribean[END_REF] localities. These high-pressure metamorphic rocks have been interpreted as witnesses of the Cretaceous subduction zone [START_REF] Pindell | Permo-Triassic reconstruction of western Pangea and the evolution of the Gulf of Mexico/Caribbean region[END_REF][START_REF] Burke | Caribbean tectonics and relative plate motions[END_REF], and the ir exhumation is related to the play of the major dextral transform zone which separates the southern edge of the Caribbean oceanic plate and the northwestern edge of the South American continental plate [START_REF] Avé Lallemant | Transpression , displacement partinioning, and exhumation in the eastern Carribean 1 south American plate boundary zone[END_REF].

Ai ms of this study

This study concerns the tectono-metamorphic evolution of high-pressure rocks that belong to the Raspas Complex (El Oro Province, SW Ecuador). lt aims to determine the geodynamic significance and reconstruct the P-T history of the high pressure rocks, and to better constrain exhumation processes of deeply buried (50-70 km) metamorphic rocks in an active margin setting.

Due toits previously exposed unique characteristics, the Raspas Complex and the surrounding El Oro province are a key area to obtain new and important insights into the Andean geodynamics and the exhumation processes.

ln order to reach this target, a detailed field analysis of the Raspas Complex area (geological survey, sampling, structural analysis ... ) was undertaken. Then the petrological and geochemical study of the high-pressure units, namely the El Toro formation and the Raspas formation, has been carried out to identify the protolith of each unit and to reconstruct their metamorphic evolution.

The following chapters present in detail the data collected, focusing first on the geology of the Raspas area (chapter 1 ), then characterising the protoliths of the metamorphic rocks according to their geochemical affinity (chapter 2). The chapters 3 to 5 investigate the petrological evolution of the three high-pressure metamorphic bodies, the El Toro metaultramafites, the Raspas matie eclogites and the Raspas eclogitic metapelites, respectively. The obtained results are discussed for each addressed tapie.

To conclude (chapter 6), the current interpretation of the El Oro Metamorphic Complex as a "tectonic melange" in an accretionary prism (Aspden et al., 1995) will be re-discussed in arder to propose an exhumation mode! for the Raspas Complex (chapter 6). This mode!, consistent with the geological and geochronological data, integrates the results of the petrologic study of the tectonometamorphic units with the geodynamic evolution of the Northern and Central Andes since Triassic times.

Fig. 2 Main structural features of the Andes: major thrust fronts and , in the Northern Andes, strike-slip faults (after [START_REF] Ramas | Tectonic evolution of the Andes. ln Tectonic evolution of South America[END_REF] . Fig. 4: Occurences and radiometrie ages of blueschists in Central and South America (modified after Maruyama et al. , 1996).
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Introduction

The present chapter aims to illustrate a newly defined geological framework for the Raspas Complex in El Oro province, SW-Ecuador.

ln the first part of the chapter the geodynamic context of the northern and central Andes ( §-1.2) and El

Oro province geology ( §-1.3) are presented on the basis of previous works.

The second part reports new data ( §-1.4) collected by the author in El Oro province during field investigations in autumn 1998 and 1999 that led to the confection of the annexed geological map (scale 1 :50,000).

Finally, new geochronological data are discussed in the last paragraph ( §-1.5).

The northern and central Andes: the geodynamic context 1.2.1 Geodynamic evolution from Late Palaeozoic to Late Eocene

The central Andes are considered the typical example of an orogenie belt related to the subduction of an oceanic plate beneath a continental margin. Many authors consider that subduction beneath the South American continent has taken place continuously since either late Palaeozoic or Liassic times [START_REF] James | Plate tectonic madel for the evolution of the Central Andes[END_REF][START_REF] Audebaud | Les traits géologiques essentiels des Andes Centrales (Pérou-Bolivie)[END_REF]Mégard 1978Mégard , 1987;;[START_REF] Dalziel | Collision and Cordilleran orogenesis: an Andean perspective[END_REF]. Nevertheless, others have suggested that the Andean margin may have acted as a transform zone during part of Mesozoic times (Dalmayrac et al. 1980;[START_REF] Martinez | Structure et évolution de la chaine hercynienne et de la chaine andine dans le Nord de la Cordillère des Andes de Bolivie[END_REF][START_REF] Mccourt | New geological and geochronological data from the Colombian Andes: Continental growth by multiple accretion[END_REF]Aspden et al. 1987;[START_REF] Mourier | An accreted continental terrane in Northwestem Peru[END_REF][START_REF] Jaillard | Les "couches Chicama" du Nord du Pérou: Colmatage d'un bassin né d'une collision oblique au Tithonique[END_REF].

The Huancabamba deflexion, situated at c. sos roughly separates the Andes into: (1) a northern, NE-to NNE-trending, 'Colombian' segment whose western partis made up of allochtonous oceanic terranes accreted during Mesozoic and Tertiary times (Feininger & Bristow 1980; McCourt et al. 1984; Aspden & McCourt 1986; Aspden et al. 1987; Bourgois et al. 1987; Feininger 1987; Mourier et al. 1988); and (2) a southem, NW-to NNW-trending, 'Peruvian' segment, where no exotic blocks have been recognised (Mégard 1987;[START_REF] Beek | Analysis of Late Jurassic-Recent paleomagnetic data from active plate margins of South America[END_REF]).

The early to middle Mesozoic sedimentary and magmatic history of the northern and central Andes (i.e. the NNE-trending Colombian-Ecuadorian segment, and the NW-trending Peruvian segment) exhibits a spatially contrasted evolution involving severa! successive tectonic and geodynamic settings (figure 1).

The late Triassic to late Liassic period began with a widespread marine transgression. From the latest Triassic, the Colombian marine shelf was progressively destroyed by southward propagating extensional tectonic activity. During this time, no significant magmatic activity is recorded except in the emerging Colombian area. ln Colombia and Ecuador, Late Triassic deformed granitic intrusions can be related to an oblique rifting phase with a strong sinistral component [START_REF] Aspden | The geology and Mesozoic collisional history of the Cordillera Real , Ecuador[END_REF].

This period is interpreted as the result of rifting of a Tethyan oceanic arm which separated the Colombian and palaeo-Mexican margins (Aspden et al., 1987;Jaillard et al., 1990).

From latest Liassic, an important calc-alkaline magmatic arc developed along the emergent Colombian segment. Further south, the north-Peruvian shelf probably became emergent, but marine sedimentation continued in southern Peru. During middle and early Late Jurassic times, the Colombian segment was characterized by important magmatic activity and by coarse clastic continental sedimentation. Along the Peruvian segment, a turbiditic trough, emergent areas, and continental basins were created, and the scarcity of calc-alkaline magmatism suggests that only very local subduction took place. This period is regarded as one of the southeastward subduction beneath the Colombian segment (Aspden et al., 1987). This pattern would have induced a chiefly left-lateral transform motion along the Peruvian segment (figures 1 and 2}.

During Kimmeridgian-Berriasian times (-145-130 Ma}, the palaeogeographic framework drastically changed (figure 2). Along the Colombian segment, magmatic activity ceased (plutonic gap from 142 to 124 Ma), and continental accretions occurred along dextral strike-slip sutures (Mc Court et al., 1984;Aspden et al., 1987;Maurier et al., 1988;[START_REF] Aspden | The geology and Mesozoic collisional history of the Cordillera Real , Ecuador[END_REF]Jaillard et al., 1990;Jaillard et al., 1995). ln Ecuador these events appear to have occurred between 135 and 125 ~a [START_REF] Aspden | The geology and Mesozoic collisional history of the Cordillera Real , Ecuador[END_REF]. ln Peru, tectonic activity was recorded by the creation of a new turbiditic trough and by the resumption of detrital sedimentation [START_REF] Jaillard | Les "couches Chicama" du Nord du Pérou: Colmatage d'un bassin né d'une collision oblique au Tithonique[END_REF]. ln the coastal area, arc-related volcanism indicated that subduction took place beneath this segment induced by a roughly northeastward convergence direction (Jaillard et al., 1990).

ln western Colombia, a local high subsidence rate during Early-Cretaceous times (-130-1 08 Ma) suggests a regional extensional regime. No significant magmatic activity is known along the Colom bian segment before the emplacement of Aptian plutons (113 Ma, Aspden et al., 1987). ln the entire Peruvian segment, the Early Cretaceous is characterised by the deposition of continental deposits while no magmatic activity is known (Jaillard et al., 1995). A general extensional regime is indicated by the high subsidence rate (Jaillard, 1990).

The Albian-Campanian period (-108-80 Ma) is marked by a widespread marine transgression; the development of a voluminous, magmatic arc along the Peruvian segment; and the first widespread compressive deformations. ln the Central Andean Basin, compressional, tectonic phases began during the middle Albian [START_REF] Wilson | K-Ar age studies in Peru with special reference to the emplacement of the Coastal Batholith[END_REF][START_REF] Cobbing | The geology of the Western Cordillera of Northern Peru[END_REF] and culminated during the late Albian with the deformation of the volcanic pile (Mochica phase; Mégard, 1984). Along the Peruvian margin, Cenomanian to Turonian times are characterized by the deposition of marine maris and limestone, a high subsidence rate that probably indicated a mild, extensional tectonic regime [START_REF] Jaillard | L'évolution tectono-sédimentaire de la marge péruvienne au Crétacé supérieur et Paléocène et ses relations avec la géodynamique[END_REF]1994);

and t~e ongoing emplacement of the Coastal Batholith [START_REF] Beckinsale | Rb-Sr whole-rock isochron and K-Ar age determinations for the Coastal Batholith of Peru[END_REF]Soler and Bonhomme, 1990). From the Turonian-Coniancian boundary onward, important, although poorly understood, tectonic events and paleogeographie changes occurred (figures 1 and 2). ln Ecuador and northeastern Peru, the subsidence rate significantly decreased [START_REF] Jaillard | L'évolution tectono-sédimentaire de la marge péruvienne au Crétacé supérieur et Paléocène et ses relations avec la géodynamique[END_REF]. ln Peru, the emplacement of the 1type granitoids of the Coastal Batholith began in the Middle Albian and was extensive from the Cenomanian to Mid-Campanian [START_REF] Cobbing | The geology of the Western Cordillera of Northern Peru[END_REF]Soler and Bonhomme, 1990). ln Colombia, two plutonic pulses are recorded locally [START_REF] Mccourt | New geological and geochronological data from the Colombian Andes: Continental growth by multiple accretion[END_REF].

From Late Campanian to Late Paleocene times (-80-53 Ma), following a widespread marine transgression of middle Campanian age (Mourier et al. 1988b}, major tectonic events occurred along the entire Andean margin [START_REF] Macellari | Cretaceous paleogeography and depositional cycles of western South America[END_REF]. Along the Colombian segment, oceanic terranes, including Late Cretaceous sediments [START_REF] Millward | Cretaceous tholeiitic volcanic rocks from the Western Cordillera ofColombia[END_REF] were accreted to the continental margin

Chapter 1: Geology of the Raspas Complex during Late Campanian to Maastrichtian times (80-68 Ma;Feininger and Bristow, 1980;Bourgois et al. 1987;[START_REF] Case | Geology of the Northem Andes; An overview[END_REF]). These may be associated with the metamorphic event recorded during Campanian-Danian time in Colombia (75-57 Ma;[START_REF] Mccourt | New geological and geochronological data from the Colombian Andes: Continental growth by multiple accretion[END_REF] and Ecuador (86-60 Ma; [START_REF] Aspden | The geology and Mesozoic collisional history of the Cordillera Real , Ecuador[END_REF].

Maastrichtian and Paleocene times are characterized by a relative, tectonic quiescence [START_REF] Jaillard | Kimmeridgian to Paleocene tectonic and geodynamic evolution of the Peruvian (and Ecuadorian) margin[END_REF]. ln Colombia, intrusions are recorded, in particular during the Late Paleocene [START_REF] Mccourt | New geological and geochronological data from the Colombian Andes: Continental growth by multiple accretion[END_REF][START_REF] Aspden | The geology and Mesozoic collisional history of the Cordillera Real , Ecuador[END_REF]. Along the Peruvian segment, the emplacement of the Coastal Batholith and associated volcanics proceeded throughout this time span [START_REF] Cobbing | The geology of the Western Cordillera of Northern Peru[END_REF][START_REF] Beckinsale | Rb-Sr whole-rock isochron and K-Ar age determinations for the Coastal Batholith of Peru[END_REF], with a noticeable eastward migration.

ln the entire area, major compressional tectonic events occurred during Late Paleocene to earliest

Eocene times . Along the Colombian segment, this period is marked by accretions of displaced terranes, which generally are postdated by Late Thanetian coarse-grained turbidites unconformably resting on intensely deformed Thanetian cherts ( Benitez et al. 1993;Jaillard et al. 1995). Deformation of the Amotape terrane in earliest Eocene time is suggested by the deposition of disconformable, coarse-grained deposits in the Talara Basin (Jaillard et al., 1996) and the occurence of a major, sedimentary hiatus in coastal Ecuador (Benitez et al. 1993;Jaillard et al. 1995).

This Early Eocene tectonic event is postdated by a well-defined, Middle Eocene sedimentary sequence. Mid-Eocene forearc basins were created by extensional subsidence along the Colombian segment (Mégard, 1987(Mégard, , 1989)). A significant, magmatic pulse occurred during late Early Eocene and Middle Eocene times in the Colom bian segment [START_REF] Mccourt | New geological and geochronological data from the Colombian Andes: Continental growth by multiple accretion[END_REF]Aspden et al., 1987[START_REF] Aspden | The geology and Mesozoic collisional history of the Cordillera Real , Ecuador[END_REF]. lt correlates with the volcanics and isolated plutons of the Early Eocene arc, east of the Coastal Batholith in Peru (54-55 Ma; [START_REF] Cobbing | The geology of the Western Cordillera of Northern Peru[END_REF][START_REF] Soler | Contribution à l'étude du magmatisme associé aux zones de subduction[END_REF].

The major, Late Eocene (-34 Ma) compressional, tectonic event is marked by large-scale folding , thrusting and uplift in the western parts of the margin (Mégard, 1984(Mégard, , 1987;;Sébrier et al., 1988;Bourgois et al. 1990;Jaillard et al. 1995), and the beginnig of a foreland-type subsidence in the eastern domain (Oriente) of Ecuador and Peru (Jaillard, 1990;[START_REF] Berrones | Estudio de la subsidencia de la Cuenca oriental ecuatoriana entre el Jurésico superior y el reciente. Simposio : lnvestigaci6n y desarrollo tecnol6gico en el érea de hidrocarburos[END_REF].

The evolution of the Cretaceous Celica-Lancones forearc basin

The Celica-Lancones Basin is located in the present-day forearc zone of Southern Ecuador and Northern Peru (figures 3 and 4), representing for this area a continuous record of the sedimentary and tectonic evolution since the Albian. Consequently its geodynamic history becomes of priority interest for a correlation with the Cretaceous-Paleocene evolution of the neighbouring Amotape-Tahuin terra ne.

The Celica-Lancones Basin has been interpretad as an extensional basin [START_REF] Kennerley | Geology of the Loja Province, Southern Ecuador[END_REF], an aborted marginal basin [START_REF] Aguirre | Metamorphic pattern of the Celica Formation, SW Ecuador, and its geodynamic implications[END_REF], or a transcurrent forearc Basin [START_REF] Jaillard | Stratigraphy and evolution of the Cretaceous forearc "Celica-Lancones Basin" of Southwestem Ecuador[END_REF]. The evolution of this forearc zone was controlled by the convergence regime.

Stratigraphy

The basin is bounded to the Southeast by a volcanic arc (Celica Fm , San Pedro Gp), and to the Northwest by the Amotape-Tahuin Paleozoic Massif (figure 3). Two series may be distinguished.
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To the Southeast, the Celica-San Pedro volcanic rocks are mostly of Albian age. The geochemistry indicate a volcanic arc affinity [START_REF] Reynaud | Géochimie et géodynamique des plateaux océaniques. arcs insulaires et arcs continentaux crétacé-paléocènes de l'Ouest équatorien[END_REF]. These volcanic facies laterally grade NW-ward into volcaniclastic, high-density turbidites (Lancones, Alamor Fms, Reyes & Caldas 1987, [START_REF] Jaillard | Stratigraphy and evolution of the Cretaceous forearc "Celica-Lancones Basin" of Southwestem Ecuador[END_REF]. lntercalated volcanic rocks exhibit volcanic arc affinity, and include dacites suggesting an adakitic nature [START_REF] Reynaud | Géochimie et géodynamique des plateaux océaniques. arcs insulaires et arcs continentaux crétacé-paléocènes de l'Ouest équatorien[END_REF]. ln the northeastern part of the Basin, thin-bedded alternations of black shales and fine-grained greywackes yietded Late Cenomanian-Turonian inoceramids (Jaillard et al. 1999).

This deformed and eroded Albian-Turonian series is unconformably overlain by a transgressive marine series (maris, limestones, sandstones), the base and top of which yielded Early Campanian, and Late Campanian ammonites, respectively [START_REF] Jaillard | Late Cretaceous stratigraphy of Northern Peru and Ecuador, a preliminary revision[END_REF]. tt is overlain by coarse-grained fan conglomerates ascribed to the Late Campanian-Early Maastrichtian. They are unconformably overlain by latest Maastrichtian to Paleocene subaerial volcanic rocks (Sacapalca Fm, Hungerbühler î 997) of continental volcanic arc affinities.

To the Northwest, the Paleozoic Amotape-Tahuin Massif is unconformably overlain by transgressive beds of Middle to Late Albian age. Since fossils of Early Coniacian age have been reported [START_REF] Reyes | Geologfa de los cuadrângulos de las Playas, la Tina, las Lomas, Ayabaca , San Antonio, Chulucanas, Morrop6n, Huancabamba, Olmos y Pomahuaca[END_REF], deposits of that age may be locally preserved beneath the overlying unconformity.

Along the Basin axis, from Chiclayo to Chaguarpamba, and West of Lancones, this series is intruded by large volumes of gabbros and minor diorites of Santonian-Campanian age (86-82 Ma, Mourier 1988, Aleman pers. corn.). Geochemical and isotopie data indicate a depleted source contaminated by continental crust or sediments, suggesting that they result from partial metting of the forearc mantle [START_REF] Ethien | Les magmatismes d'avant-arc crétacés et néogènes de la marge andine Nord (Ëquateur-Pérou). Implication géodynamiques[END_REF]. The deformed and partly eroded turbidites and gabbros are unconformably overlain by a latest Cretaceous marine series [START_REF] Jaillard | Late Cretaceous stratigraphy of Northern Peru and Ecuador, a preliminary revision[END_REF]. The succession ends up with unconformable, coarse-grained quartz-conglomerates of latest Paleocene-Early Eocene age (Mogoll6n Fm), overlain by the Eocene marine deposits of the Talara Forearc Basin [START_REF] Morales | Reinterpretaci6n geol6gica del area de Lagunitos (NW Perû) en base a sismica reflexi6n. 3rd INGEPET[END_REF].

Tee tonies

The Early Albian is marked by the beginning of the Celica-San Pedro volcanic arc activity. Therefore, the Cretaceous Celica-Lancones Basin can be unequivocally interpreted as a Forearc Basin (figure 4).

Scattered, bimodal volcanic manifestations of Early Albian age (Puyango) may be related to the extensional opening of the Celica-Lancones Basin. Subsidence of the Basin increased in the Middle Albian. Unpublished seismic tines indicate that WNW-trending, S-ward dipping normal faults controlled the extension and turbiditic sedimentation (1 02-96 Ma). This evidence of a roughly trench-parallel extension, togeth~r with the rhombic shape of the Celica-Lancones Basin, strongly suggests that it was a pull-part basin, related to the NNE-ward, trench-parallel migration of the Amotape-Tahuin forearc sliver.

Remnants of Cenomanian-Turonian fine-grained deposits suggest that tectonic activity significantly decreased between 96 and 89 Ma. Around 84 Ma, basic intrusions emplaced in the center of the basin and along a suture tine joining its NE and SW tips. They are regarded as resulting from the adiabatic partial metting of the forearc mantle [START_REF] Ethien | Les magmatismes d'avant-arc crétacés et néogènes de la marge andine Nord (Ëquateur-Pérou). Implication géodynamiques[END_REF], due to significant crustal thinning in the center of the Basin, and to the play of the Cross-Basin Fault Zone (suture) that achieves the evolution of pull-apart basins [START_REF] Dooley | Analog modelling of Puii-Apart Basins[END_REF].

The Campanian unconfonnity (=84-80 Ma) seals the Late Cretaceous deformations. ln the northern part of the basin , the deformation is dominated by NNW-ward thrusting, associated with ENE-trending isoclinal to cylindrical folding . ln Peru, seismic data suggest that the Albian nonnal faults were slightly inverted, provoking the fonnation of mild, basin-scale, ENE-trending folds. Progressive discordances in the overlying deposits indicate that similar mild deformations continued during the Late Campanian-Early Maastrichtian (80-69 Ma). Moreover, the Pazul area is a WNW-trending syncline, which results from the Late Paleocene defonnation phase, since it involves Paleocene beds and is sealed by unconfonnable conglomerates of Early Eocene age.

These observations suggest that the Late Cretaceous-Paleocene evolution of the Celica-Lancones

Basin was dominated by trench parallel stress regimes, i.e. in Albian-Santonian times, NNE-trending extension related to wrench motions, and NNE-trending compression during Campanian-Paleocene times. Conversely, Paleocene-Eocene deposits are only defonned by NNE-trending folds, indicating that post-Paleocene defonnations are dominated by an East-trending, trench-nonnal contractional regime, without significant wrench movements. This change in the stress regime of the forearc zone coïncides with a drastic change in the oceanic convergence in the Late Paleocene. About 58 Ma ago, the convergence of the oceanic plate abruptly changed from a North-or NNE-ward direction, to a NEward direction [START_REF] Pardo-Casas | Relative motion of the Nazca (Farall6n) and South America plate since late Cretaceous times[END_REF].

1.3

The Geology of the El Oro Province: an overview.

Geography

The El Oro province is located in south-western Ecuador immediately East of the Tumbes Region. The El Oro Metamorphic Complex, which mainly crops out in El Oro province, also extends to the south of the Rio Puyango, westwards into Peru and eastwards towards El Cisne, into Loja Province (figure 5).

The main villages in the area are Pasaje, Santa Rosa and Arenillas, while a multitude of small settlements is dispersed in the bush and along the rivers.

The margins of the complex are irregular, covering an outcrop surface approaching the 2700 km 2 • ln

Ecuador, the El Oro Metamorphic Complex is approximately bounded in the north and south by latitudes 3°18' S and 3°55' S and in the east and west by longitudes 79°25' W and 80°10' W , respectively.

Main rivers are oriented roughly E-W or NW-SE: going from the north to the south they are the Rio Jubones, Santa Rosa, Naranjo/Arenillas and Puyango. The Rio Raspas, wich gives its name to the eclogitic fonnation (defined by Duque, in Bristow and Hoffstetter, 1977) is a major affluent of the Rio Arenillas. lt is worthwhile to observe that the development of the main river network has been strongly

influenced by major regional structures (i.e. faults and shear zones) (refer to the geologie map in Aspden et al., 1995; this work §-1 .5; annexed geological map).

Geology

South-westernmost part of Ecuador, the El Oro province, is characterised by the occurrence of a large area (about 2700 km 2 ) of regionally metamorphosed rocks (figure 6) . The contact between this terrain and the main Cordillera is obscured by Tertiary to Quaternary deposits. Modern geological studies focused on the El Oro province are represented by: a) the "Geological Map of the El Oro Metamorphic Complex, Ecuador (1 :100.000)" in Aspden et al. (1995); b) the "Geological Map of Western El Oro Province, Ecuador (1 :50.000)" by [START_REF] Feininger | Geologie map of Western El Oro Province[END_REF]. According to [START_REF] Feininger | Geologie map of Western El Oro Province[END_REF]Feininger ( , 1980Feininger ( , 1987) ) and [START_REF] Litherland | Mapa geol6gico de la Repûblica del Ecuador[END_REF]Litherland et al. ( , 1994) ) the El Oro region structural trends are clearly anomalously striking eastwest, which contrast markedly with the NNE-SSW general strike of the Cordillera Real immediately to the East.

The "Geological Map of the Western El Oro Province, Ecuador" (1 :50.000 ;[START_REF] Feininger | Geologie map of Western El Oro Province[END_REF] reports a considerable quantity of structural and petrographie data, revealing a detailed descriptive approach.

Basically, [START_REF] Feininger | Geologie map of Western El Oro Province[END_REF] defined a litho-stratigraphy (regardless to ages) comprising , from the south to the north, the Tahuin Group (mainly metasediments and gneisses), the Piedras Group (amphibolites and green-schists), the El Toro harzburgite and the Raspas formation with basic eclogites, blueschists and metapelites. Toward the north and separated from the Raspas formation by the La Palma-El Guayabo shear zone, [START_REF] Feininger | Geologie map of Western El Oro Province[END_REF] mapped a terrain formerly grouped with the Tahuin Group and then interpreted as an independant unit named the Biron terrane (Feininger, 1987}. Concerning the Raspas formation HP lithologies, Feininger (1980) carried out the first petrological characterisation, estimating the metamorphic P-T conditions to T=580°±20°C and P=13±3 kbar. K-Ar data on phengite (132 ± 5 Ma, Feininger, 1980) suggested a lowermost Cretaceous age for the high-pressure metamorphism (Duque, 1993). The ages of the El Oro metamorphic complex together with the newly produced geochronological data (this study) will be further discussed in §-1.4.2 and §-1.5.

The described stratigraphy proposed by Feininger has been markedly modified in the British Geological Survey 1:100.000 recently published geological map (Aspden et al., 1995). An E-W striking fault system subdivides the El Oro metamorphic complex into different smaller units. The oldest units described, Palaeozoic in age, refer to the Tahuin semi-pelitic sequence (very-low to high-grade metasediments and impure quartzites) showing a rapid increase in metamorphic degree from south to north. The Piedras matie complex, composed mainly of matie amphibolites and the Moromoro granitoid complex (mainly granodiorites, medium to high-grade paragneiss and migmatites) are indicated as Late Triassic units. The Late Jurassic to Cretaceous period is represented by the Palenque melange division, limited to the north by the Jubones fault and to the south by the Zanjon-Naranjo fault. composed principally by low to medium grade schists, phyllites and graywakes. The Palenque division is interpreted to be a regional melange zone with tectonic inliers of metamorphic rocks. Among these tectonic inclusions, the major one is represented by the E-W-trending Raspas ophiolitic complex, bounded to the North and to the South by the "La Palma -El Guayabo" and the "Tahuin Dam" faults, respectively. lt consists of greenschists (Rio Panupali Unit), serpentinised peridotites (El Toro unit), pelitic schists, blueschists and eclogites (La Chilca unit).

Evolution in the interpretation of the El Oro geology

The traditional interpretation of the El Oro metamorphic belts until the end of the 1960's consisted in a more or less uniform and ancient basement entirely of Palaeozoic or Precambrian age [START_REF] Sauer | Geologfa del Ecuador[END_REF].

After the new stratigraphie hypothesis of Kennerly (1973) and the subsequent works and K-Ar age determinations [START_REF] Feininger | Geologie map of Western El Oro Province[END_REF]1980;Feininger and Silberman, 1982), a completely new geological framework was established for the El Oro province. The idea of one uniform basement is then definitively replaced by the concept of "metamorphic terrane" (Feininger, 1982(Feininger, , 1987)). Mégard et al. (1987) and [START_REF] Mourier | An accreted continental terrane in Northwestem Peru[END_REF] The observations reported in the present section (i.e. §-1.4) refer to field work focused on the Raspas Complex carried out by the author and reported in the annexed "Geological map of the Raspas Complex, El Oro province, SW Ecuador" (scale: 1 :50,000).

The geological mapping and sampling were realised during two seasons: the first week of September 1998, and from the 1 Oth of October to the 1 st of November 1999, respectively.

The main lithostratigraphic and structural characters are presented for each defined unit, while the petrographie features will be described in the following chapters. The surrounding units have been investigated in order to understand the relationships of the Raspas Complex with the neighbouring terranes. A detailed study on the petrology of this terranes is beyond the aims of this study, accordingly the provided description is based mainly on field observations and on petrographie and . microstructural analysis of representative samples. The Biron Terrane to the north and the Tahuin Group to the south, the two major terranes bounding the Raspas Complex, and other small surrounding units, are described according to limited field sections and on the base of Feininger's geological map (1978). ln addition this description benefited of long and fruitful discussions and microscopie work with Tomas Feininger.

A word of caution must be reserved to the nomenclature adopted for the identification of the geological units. ln fact, great confusion arose after the introduction of the new BGS mapping: new and/or different formations or unit were named using pre-existent formation names. Furthermore the units reported in the BGS geological map (As pd en et al., 1995) rarely correspond in the field to an undoubted tectono-metamorphic and/or stratigraphie variation. Consequently, in the present work, the 9 ) P. Gabriele Chapter 1: Geology of the Raspas Complex adopted nomenclature refers, in general, to Feininger's geological map (1978) and/or to the stratigraphie lexicon for Ecuador (Bristow and Hoffstetter, 1977).

The term "terrane" is used here to refer to a discrete region, commonly bounded by major faults or shear zones, which differs substantially from neighbouring regions by tectono-stratigraphic and metamorphic characters. This use is an attempt to avoid any genetic constraint (i.e. accretion to a craton along an active margin, or simply allochthonous oceanic/continental fragment) to the term "terrane", as it was the case for the authors who first used it (Irwin, 1972;[START_REF] Jones | Character, distribution, and tectonic significance of Accretionary Terranes in the Central Alaska Range[END_REF]Schermer et al., 1984).

Measures of schistosity are reported as "dip direction/dip angle".

The topographie base used for the annexed geological map is by the lnstituto Geografico Militar (Quito -Ecuador) and the reported coordinates (kilometric grid} refer to UTM projection in the South-American System (PSAD56). T o convert these coordinates to the International Geodesie System (WGS84) subtract from the kilometric grid 258m East and 372m North.

Geology of the Raspas Complex.

The Raspas Complex is re-defined by the author as a tectono-metamorphic unit comprising the Raspas formation (as defined by Feininger, in Bristow and Hoffstetter, 1977), and the El Toro formation (as defined by Feininger, in Bristow and Hoffstetter, 1977). The southern limit of the Raspas Complex corresponds to the tectonic contact with the Arenillas-Panupali unit ( §-1.4.3); white its northem limit is defined by La Palma-El Guayabo shear zone (see the geological map and figure?).

The Raspas Complex defined in the present work does not correspond to the "Raspas Ophiolitic Complex" of the BGS geological map (Aspden et al., 1995).

The Raspas formation

The Raspas formation is composed by HP metamorphic rocks, namely mafic eclogites, blueschists and eclogitic metapelites (plates IV and V).

The best outcrops are located along the Rio Raspas (see geological map). At the beginning of the Raspas river the eclogitic metapelites are dominant (up to the point with coordinates: UTM-WGS84: 17 /618832E-9601800N), wh ile, going down the river, the mafic fine-grained eclogite outcrops increase, showing also isolated coarse-grained layers (gabbroic textures). Approaching the contact with the El Toro formation metaultramafites, the outcrops of eclogitic metagabbros become more frequent, alternating to metapelitic layers. A mylonitic texture has been commonly observed in these metagabbros, in particular close to the contact with the petitie layers. The contact with the metaultramafites (UTM-WGS84: 17/618443E-9601511N) is characterised by a ductile shear zone with chlorite-rich schists and metabasites with centimetric porphyroblasts of amphibole.

A detailed petrographie description of matie eclogites and eclogitic metapelites is reported in chapters 4 and 5, respectively.

A weil developed schistosity, generally striking E-W with variable dip direction ~nd dip angle ranging from 60° to 90°, represents the regional foliation underlined by HP minerais (i.e. phengite, barroisite, clinozoisite and omphacite). This schistosity, S 2 (S 1 refers to an older schistosity observed in 10 ) P. Gabriele Chapter 1: Geology of the Raspas Complex microlithons in S 2 ), is associated to a deformation event (0 2 ) characterised by isoclinal folds (figure 7) originating the observed layering. The fold axes related to the 0 2 phase are genarally oriented NE-SW, with an plunge of 60° towards the NE or the SE (figure 7 and geological map).

The schistosity S2 is folded by a phase 03 showing vertical axial planes striking roughly NE-SW to E-W (figure 7 and geological map).

To the east of the La Avanzada-Zaracay road, the Raspas narrows and disappears under Tertiary deposits not far east of Quebrada Panupali. Toward the west the last eclogite outcrops were mapped in the Quebrada Tascosa area.

To integrate the existing data (Feininger, 1980;Feininger and Silberman, 1982) 

The El Toro formation

The lithologies of the El Toro formation are mainly represented by variably-serpentinised massive metaperidotites with subordinated amphibole-cliopside-chlorite-rich bands {plate IV). Small dykes of primary mafic rocks (now amphibolites) crosscut the ultramafic sequence.

The El Toro ultramafites are particularly weil exposed in the quarries (UTM-WGS84: 17/611024E-9600135) located immediately North of the Tahuin dam, in the M Cerro El Toro" area.

A primary banding defined by dark brown-green metaperidotites with green antigorite-rich layers and grey-green amphibole-chlorite-diopside bands characterise the quarry cliffs. The banding has been deformed at ductile conditions as evidenced by tight folds with axes plunging towards the S/SW of 30° to 50°. ln the eastern part of the quarry these folds show an "s" shaped symmetry looking toward the SISE. A schistosity, generally concordant with the banding, can be observed where antigorite is abundant. Measures of strike and dip, reported on the annexed geological map, for the Tahuin formation to the west of Cerro El Toro, depict a rotation of the main foliation that could be consistent with a large scale fold (figure 7). This structure has been interpreted, by the author, as related to a deformation event consistent with the phase 0 3 described for the Raspas formation.

Deformations at brittle conditions are reflected by small faults (270/20°-25°), often developing fault breccia.

A detalied petrological study of this formation is reported in chapter 3.

The ultramafic body is oriented roughly E-W and was mapped toward the east until the Quebrada La Palma, near the La Avanzada-Zaracay road. Farther east, the El Toro formation disappears and the Raspas formation is in contact directly with the blueschists of the Arenillas -Panupali unit.

To the South, the El Toro formation is in contact with the greenschists of the Arenillas-Panupali unit, and only 2.5 km westward from the Tahuin dam along the Rio Arenillas some outcrops of metagabbros let to suppose the re-appearance of blueschist-facies rocks. ln the few outcrops where it was observed, the contact is marked by a mylonitic zone. ln the western part of the quarry area mylonitic serpentinites with shear bands crop out (270/60°), corresponding to the contact zone with the metabasites belonging to the Arenillas-Panupali unit (see geological map). Along the same contact, the sepentinites have been observed with alternating chlorite-schists layers (UTM-WGS84: 17/611 078E-9599705N).

The northern limit of the El Toro ultramafites corresponds to the La Palma-El Guayabo shear zone.

Small ultramafic outcrops of ultramafites in the shear zone are inferred to belong to the El Toro formation.

La Palma-El Guayabo shear zone

The La Palma -El Guayabo shear zone represents a E-W striking regional shear zone located roughly at 3°34' S of latitude. tt bounds to the north the Raspas Complex and, in the western part of the mapped area, the Arenillas-Panupali unit. To the north of the shear zone, a band of migmatites crops out, referred to as the Biron terrane.

This shear zone varies in width from few tens of meters to roughly one kilometre and it is characterised by a matrix of mylonitic quartz-rich micaschists with variable amounts of graphite. This matrix includes slices or "macro boudins" composed of randomly oriented exotics blacks of greenschists, ultramafites, eclogitic metapelite and metabasites.

The outcrop located at the junction of the Quebrada Diamante with the Rio Santa Rosa (UTM-WGS84: 17/617950E-9604000N) clearly shows ultra-cataclasites (180°/85°) overprinting mylonitic schists (plate V), suggesting a multiple stage activation of this regional discontinuity. Shear sense indicators (slickensides) suggest late dextral movements in brittle conditions. ln addition, a similar sense of movement could be inferred from the position of the ultramafic blacks of the shear band, which occur only to the east of the El Toro formation, and thus support a dextral sense of movement. ln arder to constrain in time the movements along the shear zone, white micas of one sample of • mylonitic micaschists (99LP20) has been dated ( 40 Ar/ 39 Ar) and yielded a spectrum with an integrated age of 129 Ma and a distinct younger step at -65 Ma. The older age corresponds to that yielded by the eclogitic metapelites of the Raspas formation (Feininger, 1980;this work), white the younger age can be interpreted as a reset due to the ductile re-activation of La Palma -El Guayabo shear zone.

1.4.3 Geology of the units surrounding the Raspas Complex.

The Arenil/as-Panupa/i unit

The Arenillas-Panupali unit is a newly described tectono-metamorphic blueschist facies terrane, which strikes E-W and is located between the Raspas complex, to the north, and the Piedras amphibolites to the south (see the geological map and figure 7). The unit is delimited to the south by the Zanjon-Naranjo fault zone and to the north by a major tectonic contact. The best outcrops occur along the Rio Arenillas to the west of the Tahuin dam, and upstream the quebrada Damas and the quebrada Panupali in the eastern part of the mapped area.

Lithologically, this unit is composed of blueschists that recorded an intense greenschist-facies overprint, and by amphibole-albite-epidote-chlorite-bearing metabasites (plate Il). Partially retrograded blueschists have been sampled in the localities mentioned as representative for the unit, Chapter 1: Geotogy of the Raspas Complex and, in general, blueschist remnants were mapped immediately close to Raspas Complex. The metabasites are massive or show a weak schistosity and usually fine grained, but medium to coarse grained meta-gabbroic samples are also present (in particular, not far from the Tahuin dam).

Furthermore, outcrops of impure quartzites and quartz-micaschists were mapped in the central part of the Arenillas-Panupali unit suggesting a possible regional scale folded structure {plate Ill).

Greenschists and quartz-micaschists were already reported by [START_REF] Feininger | Geologie map of Western El Oro Province[END_REF] who grouped these rocks together with the Piedras Amphibolites in his Piedras Group. ln the Rio Aren illas area, Aspden To conclude the outlined tectono-metamorphic characters allow to depict the Arenillas-Panupali unit as an independant terrane of oceanic affinity that experienced deep subduction and is now tectonically sandwiched between the Raspas Complex and the Piedras-Amphibolites/Tahuin Group block.

The Piedras Amphibolites

ln the present work the term of "Piedras Amphibolites" refers to define an independent tectonometamorphic unit, composed mainly of coarse to fine grained saussuritised amphibolites, striking E-W and limited toward the north by the Panupali-Arenillas unit and to the south by the Tahuin Group (see: geological map, figure 7 and plate 1). The northern and southern limits are represented by a tectonic contact (corresponding to the Zanjon-Naranjo fault zone in Aspden et al., 1995;and to the Zanjon high angle fault in [START_REF] Feininger | Geologie map of Western El Oro Province[END_REF] and by a mylonitic shear zone developed in amphibolite-facies conditions, respectively. The BGS geological map reports the Piedras-type amphibolites as belonging to the Quebrada Plata unit, but in ali the area a so called river does not exist. Thus, this unit name has been left out by the author because it indicates an ambiguous type-locality.

Lithologically, the Piedras Amphibolites comprise massive to schistose dark green amphibolites generally coarse grained. According to [START_REF] Feininger | Geologie map of Western El Oro Province[END_REF], an isolated lens of serpentinite is exposed west of Piedras village (now covered by the Tahuin dam lake waters). Rare samples have shown a preserved gabbroic texture, whereas the most frequent texture is represented by a pervasive schistosity, developed under amphibolite-facies conditions. The characteristic mineral assemblage is composed by pale green hornblende and/or actinolite, plagioclase (oligoclase-andesine) and epidote with variably amounts of titanite ± quartz. The plagioclase normally shows a brownish alteration (saussuritisation). The observed parageneses are consistent with a metamorphic peak in the amphibolite-facies, followed by a localised and moderate retrograde overprint in the greenschist-facies (as indicated by the assemblage epidote + actinolite).

The geochemical study (chapter 2) indicates a MORS-type affinity for the Piedras amphibolites.

New radiometrie ages ( 40 Ar/ 39 Ar on amphibole) for this unit have been produced in this study ( §-1.4 .4), yielding an integrated age of 226±1.8 Ma.

Finally, according to what exposed above, the Piedras amphibolites can be considered as a completely independent tectono-metamorphic unit that originated during a pre-Jurassic subduction event and was then underplated to the continental margin (i.e. the Tahuin Group).

The Tahuin Group

The Tahuin Group (as defined by Feininger in Bristow and Hoffstetter, 1977), corresponds to the continental basement exposed south of the Ras pas Complex (see geological map ).

To the South, the Tahuin Group is unconformably covered by the Cretaceous sedimentary and volcanic rocks (cropping out not far from the Rio Puyango). On the contrary, the northem limit of the Tahuin group is given by a ductile shear zone where mylonites developed under amphibolite-facies conditions. The rocks north of this tectonic contact are amphibolites (defined as "Piedras-type" amphibolites) and they represent the Piedras Group (as defined by Feininger, in Bristow and Hoffstetter, 1977).

The Tahuin group rocks are characterised, in a section going from the south to the north, by increasing metamorphic grade, as indicated by the following mineral zones (this work [START_REF] Feininger | Geologie map of Western El Oro Province[END_REF]Feininger persona! communication, 2001 ): 1-chlorite; 2-biotite; 3-andalusite; 4-fibrolitic sillimanite; 5-prismatic sillimanite; 6-sillimanite + K-feldspar + muscovite; 7 -sillimanite + K-feldspar, (without muscovite).

The first mineral zone represents the beginning of metamorphism, and from the zone 1 to 7 the increasing temperature reaches the highest part of the amphibolite-facies (to granulites?).

On a tectono-stratigraphic point of view, the described mineral zones are observed in the following lithologies (this work ;[START_REF] Feininger | Geologie map of Western El Oro Province[END_REF]Feininger persona! communication, 2001 ):

• sandstones and shales with very low metamorphism or going to the green-schist facies. The primary cleavage gradually disappears to be replaced by a schistosity.

• schists, phyllites and quartzites in green-schist facies conditions.

• fine grained gneiss with metamorphic conditions reaching the amphibolite-facies. Only the Marcabeli and El Prado intrusions show also minor massive alaskites (a leucocratic alkali feldspar granite), and a contact aureole. Their grain size is generally smaller than for the La Florida and La Bocana granodiorites (Feininger persona! communication, 2001) As reported in Aspden et al. (1995), the ages for the rocks of the Tahuin group (the continental crust sequence and the granodioritic intrusions) range between 207±6 Ma and 220±6 Ma.

ln the continental crust, main regional structures (reported in [START_REF] Feininger | Geologie map of Western El Oro Province[END_REF]) such as the "Dos

Quebradas" fault or the "Manabi de El Oro" fault may represent ancient crustal discontinuities. The tact that the synkinematic intrusive bodies (as is the case for the La Florida and La Bocana granodiorites) are aligned along these faults support this hypothesis.

The entire sequence of the Tahuin Group never shows lithologies related to a volcanic source.

To conclude, these data allow to consider the Tahuin Group as a sequence through a thinned continental crust, namely the continental crust of the Late-Palaeozoic/Early-Mesozoic northem South American continental margin, which becomes deeper going from the South to the North. We can explain the actual geometry interpreting the entire sequence as a tilted block of continental crust. The tilting event can be related to a major tectonic event of late Triassic age (-220 Ma). The granodioritic plutons can be also related to the same event and they originally intruded the crust at different levels (as evidenced by differences in grain size and absence or presence of contact aureole around the plutons).

The Biron Terrane

The Biron terrane (Feininger, 1987) corresponds to the continental basement exposed North of the Raspas complex (see geological map and figure 7). On the BGS geological map (Aspden et al., 1995) the Biron terrane is incorporated in the El Oro metamorphic complex without taking into account specifie geological and structural features (i.e .: lithologies, metamorphic degree, ages, tectonic boundaries) that allow to the definition of an independant terrane. More useful are the data related to the Arenillas and Lim6n Playa units (Aspden et al., 1995). The southern limit of the Biron terrane corresponds to the La Palma -El Guayabo shear zone, while the northem limit is thought to correspond to the Jubones fault (modified after Feininger, 1982 and1987). For the aims of this study

Chapter 1 : Geotogy of the Raspas Comptex and because of the complicated and poorly known internai structure of the Biron terrane, only a synthetic description will be given here. More details are given on the area close to the La Palma-El

Guayabo shear zone because it has been investigated by the author in order to understand the relationships with the Raspas Complex.

The Biron terrane is mainly composed of pelitic and psammitic rocks, although basic metavolcanic rocks are widespread (Feininger, 1982). Along the Rio Santa Rosa, starting few kilometres south of La Avanzada, east striking migmatitic para-gneiss and granodiorites are conspicuous (plate V). These high grade rocks are characterised by strong development of cordierite, now largely pinitized. The abundance of cordierite and andalusite coupled with the absence of garnet and kyanite show that these rocks belong to a law-pressure facies series. The metamorphic grade ranges from low greenschist to middle amphibolite facies. From a structural point of view the migmatites show a welldeveloped regional schistosity (S 2 , 350-10/60-80°) corresponding to the axial surface of isoclinal folds.

Leucocratic dikes (composed mainly of quartz and feldspar) are usually oriented along these axial

surfaces. An older schistosity (S 1 } is defined by leucosome layers folded along the main schistosity.

That suggests a multiple event of migmatisation.

Going toward the North along the Rio Santa Rosa, not far from La Avanzada, the migmatitic textures are gradually replaced by an increasingly mylonitic texture that overprints every previous characters such as fold style, dikes and schistosity, producing a vertical, E-W striking, parallel foliation. As an abrupt change in metamorphic condition appears, this shear zone seems to represent the regional northern limit of the migmatites,. ln fact the metamorphic grade is mainly low to medium in rocks that vary from phyllites to states and metagraywackes.

A first radiometrie age for the migmatites was produced by Feininger & Silberman (1982, unpublished data, persona! communication of Feininger) on biotite (KJAr on Bt from sample TF-190A, Bt paragneiss) and yielded an age of 75.5±2.3 Ma. Rocks of the same unit were interpreted later by Noble et al., (1994) to be 200±30 Ma based on U/Pb zircon data. The same authors found younger ages of 78±1 and 82±1 Ma from monazites and they interpreted these results as related to an undefined regional metamorphic event. New Ar/Ar analyses on biotites (this work) in migmatitic-granodiorites gave an integrated age of 78.4±0.5 Ma, that could be interpreted as a cooling age related to the migmatitic event.

A major (continuous?) body of layered amphibolites striking east-west and concordant with the main regional schistosity is located in the area of the Arenillas village (type-locality for these amphibolites).

These amphibolites have been dated by Feininger and Silberman (1982) 

Geochronology.

A discussion concerning the new radiometrie ages produced in this study (including the ages obtained by the Malfere's master, 1999) will be given here.

Geo-chronological data were performed on separated minerais (micas and amphiboles) by the The geo-chronological data obtained on white mica, amphibole and biotite are summarised in table 1.

The Biron terra ne yielded two groups of ages: the first is related to a metamorphic reset a round -100

Ma (sample 98TH?), while the second suggests a younger re-crystallisation event around -75 Ma (sample 99LP26 and 99LP8).

The age reported in table 1 for the La Palma -El Guayabo shear zone mylonite (sample 99LP20) concerns the HP event recorded by the phengitic mica of the Raspas metapelites before the mylonitic event. The younger step obtained by the same sample around 60-65 Ma is interpreted as a reset due to the activation of La Palma -El Guayabo shear zone.

The ages of the Raspas formation lithologies average around -126 Ma; only two analyses on barroisite yield younger values that vary from 114.2±1.6 to 116.8±1.4 Ma. This difference can be due to the fact that amphibole age spectra may not accurately reflect the time at which the mineral passed through its Ar closure temperature [START_REF] Lee | The argon release mechanisms of hornblende in vacuo[END_REF]. Conversely, the occurrence of variable amounts of excess argon in eclogitic phengites [START_REF] Scaillet | 40Ar/39Ar laser-probe dating by step heating and spot fusion of phengites from the Dora Maira nappe of the Western Alps, ltaly[END_REF][START_REF] Sherlock | Flat plateau and impossible isochrons: apparent 40 Ar/ 39 Ar geochronology in a high-pressure terrane[END_REF][START_REF] Giorgis | Distribution and significance of extraneous argon in UHP eclogite (Sulu terrain, China): insight from in situ 40Ar/39Ar UV-laser ablation analysis[END_REF] could be responsible for older ages in mica than in amphibole (in the same sample).

One sample of metagabbro collected in the Rio Arenillas roughly 3.5 Km west of the Tahuin dam yielded one integrated age of -225 Ma (the spectrum ages varying from -210 to -250 Ma). This age represents the first geo-chronological datum for these rocks, and supports the distinctive tectonometamorphic nature of the newly defined Arenillas-Panupali unit.

The amphibolite samples 99TH11 (collected at El Recuerdo) gave for the Piedras-Amphibolite unit an integrated age of -226 Ma, while other ages range from -220 to -260Ma (Aspden et al., 1995).

Conclusions

Due to the occurrence of HP rocks in an active margin setting, the El Oro province represents a key area to obtain new and important insights into exhumation processes. ln order to achieve this target, a field analysis of the Ras pas Complex a rea was carried out.

The main results obtained from field investigations can be summarised as follows:

• The re-definition of the "Raspas Complex" as an independent tectono-metamorphic unit comprising the Raspas and El Toro formations. These formations are mainly characterised by metapelites/metabasites and metaperidotites, respectively, and exhibit similar metamorphic peak conditions in the eclogite facies(see chapters 3, 4 and 5). The regional schistosity (82), underlined by HP minerais, is a remnant of the prograde deformatio) event (01/02) associated to the subduction of oceanic material. Eastward, the Raspas formation has been mapped over a more extended area than reported in Aspden et al. (1995).

• The definition of a tectono-metamorphic blueschist-facies terrane , named the Arenillas-Panupali unit, located between the Raspas Complex to the north and the Piedras amphibolites to the South.

Lithologically this unit is composed by blueschists that recorded an intense green-schist facies overprint, by amphibole-albite-epidote-chlorite-bearing metabasites and by quartz-micaschists.

• The definition of the Piedras-Amphibolites unit as an independent tectono-metamorphic body characterised by massive amphibolites showing a typical plagioclase saussuritisation. The mineral assemblages are consistent with a metamorphic peak in amphibolite-facies conditions, followed by a moderate greenschist-facies overprint. A mylonitic contact developed in the amphibolite-facies conditions joins the Piedras-Amphibolites to the Tahuin Group continental rocks.

• The identification of the La Palma-El Guayabo shear zone as a main regional, E-W striking , shear zone, representing the northern boundary of the Raspas Complex. This shear zone, varying from few tens of meters to one kilometre thick, is characterised by macro boudins composed of randomly oriented exotic blocks of greenschist, serpentinite, eclogitic micaschist and metabasite.

Slickensides suggest a late dextral movement.

Moreover, the Biron terrane and the Tahuin Group, which represent the northern and the southern continental blocks bounding the Raspas Complex, respectively, have been re-interpreted on the basis of several field sections. The Tahuin Group rocks (schists, phyllites, quartzites, gneiss etc.) are characterised by an increasing metamorphic degree in a northward section, ranging from the very-low grade (and even nonmetamorphic) to the high grade (granulite-facies) (this work ;[START_REF] Feininger | Geologie map of Western El Oro Province[END_REF]Feininger persona! communication, 2001 ). Such conditions are consistent with a deepening into a crustal sequence and let ta interpret the Tahuin group as a tilted black of thinned continental crust. ln particular the sequence can be interpreted as part of the Late-Palaeozoic/Early-Mesozoic South American continental margin.

The discussion concerning the geodynamic implications of the new established geological framework together with the proposition of an exhumation mechanism for the Raspas Complex HP rocks in the exposed geodynamic context are exposed in the last chapter.

Table captions

Table 1: New radiometrie ages in the El Oro Province.

Figure captions

\ Figure 1: Plate tectonic regimes to explain the Early Jurassic;; to Quaternary magmatic evolution along the northern and central South American west margin (after Aspden et al., 1987).

Figure 2: Sketches showing the large scale geodynamic evolution for northern South America and Central America (after Jaillard et al., 1995).

Figure 3: Simplified geological map of the Celica-Lancones a rea, (modified after [START_REF] Jaillard | Stratigraphy and evolution of the Cretaceous forearc "Celica-Lancones Basin" of Southwestem Ecuador[END_REF].

Figure 4: Location map of the Celica-Lancones Basin (after [START_REF] Jaillard | Stratigraphy and evolution of the Cretaceous forearc "Celica-Lancones Basin" of Southwestem Ecuador[END_REF]. . . ,
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Tahuin Group garnet bearing migmatites. Rio Zaracay (UTM_WGS84: 17/626630E-9595486N).

Pied ras Amphibolites: mylonitic texture in metagabbros near the contact with the Tahuin Group migmatites. Rio Arenillas (UTM_WGS84: 17/623456E-9597026N).

Piedras Amphibolites: mylonitic texture in metagabbros near the contact with the Tahuin Group migmatites. Quebrada Piedras (approx. 1 km south of Piedras village)

Piedras Amphibolites: photomicrograph of sample 99TH11 showing the typical amphibolite-facies assemblage Hb+PI (saussuritised)+ Ttn. En largement factor: 1 OOx. Plane polarized light.

PLATE Il

Arenillas-Panupali unit metabasalts: main regional schistosity and related minor folds with hinge M-symmetry. Rio Naranjos, un der the La Avanzada-Zaracay road bridge.

Arenillas Data and interpretations exposed in this chapter have been modified from an original paper by Bosh, [START_REF] Bosch | Geodynamic significance of the Raspas Metamorphic Complex (SW Ecuador): geochemical and isotopie constraints[END_REF].

The present geochemical study has been undertaken in order to determine the nature and geodynamic significance of the terranes involved mainly in the HP metamorphism, and to test the hypothesis of an accretionary complex.

Lithologies

From a petrographie point of view, the analyzed samples can be subdivided into two main groups, namely the metabasites and the metapelites. Table 1 lists the observed minerais of the studied metamorphic rocks.

For a detailed petrographie description of the analyzed lithologies refer to chapters 1 ( § 1.4), 3, 4 and 5.

The metabasites

The metabasites include eclogites, amphibolites, greenschists and serpentinised peridotites. The metabasites belonging to the Piedras Amphibolites unit were collected 0.8 km W of the village of Zaracay (97Ce18), and in a quarry located 1 ,8 km W of Zaracay (98TH13, UTM-WGS84:

17/624748E-9596892N). Ali samples have a well-defined schistosity.

An amphibolitic metagabbro (97Ce13), in which green hornblende porphyroblasts underline a poorly developed cleavage, was sampled from a boulder in the Quebrada de Damas north of the Zaracay village. lts uncommon texture and paragenesis (the amphibole is dominant and the rutile is present as abundant accessory phase) do not allow an unequivocal attribution in terms source unit.

The metapelites

The metapelites (97Ce2 to 97Ce6) were sampled in the Rio Raspas, where they are closely associated with the eclogites. The metapelites are mediumto coarse-grained graphite-bearing garnet-micaschists, where the eclogitic paragenesis consists of quartz, white mica, garnet, chloritoid, kyanite and rutile. The white mica defines the main schistosity, within which gamet poikiloblasts developed. This latter includes quartz, kyanite, chloritoid and rutile inclusions. Peak metamorphic conditions for the metapelites reached approximately 600°C and 20 kbar (refer to chapter 5).

Analytical procedures

Trace element abundances have been determined by solution-and selective laser ablation (LA) -!CP-MS for amphibole, omphacite, phengite and garnet separates and garnet in thick-section from a mafic eclogite and pelitic schists. LA-ICP-MS analyses were performed at School of Earth Sciences at the Australian National University. Solution trace element analyses were performed by inductively coupled plasma mass spectrometry {ICP-MS) at the Université Joseph Fourier (Grenoble) after acid digestion.

Trace elements are spiked with pure Tm using procedures described by Sarrat et al. (1996).

Standards JB2, WSE, BIR-1, JR1, and UBN were analyzed together with unknown sam pies . Major element analyses were performed at the Centre de Recherche Pétrographiques et Géochimiques (CRPG, Nancy).

Isotopie data (Sr, Nd and Pb) have been obtained for almost ali the lithologies. The 143Ndt144Nd and 87srJ86sr isotopie compositions were measured on a Finnigan MAT261 multicollector mass spectrometer at the Laboratoire de Géochimie de l'Université Paul Sabatier, using the analytical procedures of [START_REF] Lapierre | ls the Lower Duarte lgneous Complex (Hispaniola) a rem nant of the Caribbean plume-generated oceanic plateau?[END_REF]. The chemical separation of lead was done at the Laboratoire de Géochimie de l'Université de Montpellier Il following a procedure modified from [START_REF] Manhès | Lead-lead systematics, the age and chemical evolution of the Earth in a new representation space[END_REF].

Total Pb blanks are less than 65 pg for a 100 mg sample. The Pb/Pb isotopie ratios were measured on the MC-ICP-MS P54 at the Ecole Nationale Supérieure de Lyon.

The complete isotopie data set has been corrected for in situ decay assuming an age of 150 Ma, based on the median age of the Amotape-Chaucha Terrane (ACT) lithologies (Litherland et al., 1994).

Analytical data for representative lithologies of the Raspas Complex are presented in Table 2.

2.4 Geochemistry of rocks of the Raspas Complex.

.1 Eclogites (97Ce1, 98RR4, 98RR6) and garnet amphibolite (97Ce4A)

Eclogites are very fresh rocks (LOI < 1.4 %) with homogeneous major and trace element compositions (Table 2). The MgO contents (from 6 to 9.1 %) are similar to those of fractionated basalts while the Pb and Ti02 contents. The absence or presence of phengite in the eclogites often determines the K, Ba and Rb abundances of the rock [START_REF] Becker | Trace element fractionation during dehydration of eclogites from high-pressure terranes and the implications for element fluxes in subdcution zones[END_REF].

lt is slightly different for Pb where the content of this element in the eclogite depends on more than one mineral. Pb may substitute for K in phengite, it substitutes for Ca in epidote-group minerais (epidote, zoisite, clinozoisite) and may also replace Na in paragonite. Thus, the multi-element distribution in the eclogites can be substantially influenced by the nature of the protolith, by the mineral assemblage, as weil as by the impact of element partitioning of phases with high LILE or HFSE abundances (such as rutile). Similarly, the Nb/U and Ce/Pb of the eclogites are highly variable. The Nb/U (51.1) and Ce/Pb (28.4) of the phengite-free eclogite (97Ce1) approach those of unaltered MORB or OIB [START_REF] Hofmann | Nb and Pb in oceanic basalts: new constraints on mantle evolution[END_REF]. ln contrast, these ratios are significantly lower in the phengite bearing eclogites [15.0 < Nb/U < 16.5; 3.4 <Ce/Pb< 18.2] . The U and Nb contents of eclogites may be partly controlled by the occurrence and abundance of specifie minerais such as gamet and omphacite (for u4+) and rutile (for u6+ and Nb) [START_REF] Brenan | Rutile-aqueous fluid partitioning of Nb, Ta, Hf, Zr, U and Th: implications for high field strength element depletions in island-arc basalts[END_REF].

Bulk rock major element composition of the gamet-amphibolite (97Ce4A) is similar to that of a cumulate gabbro (Table 2). The REE pattern of this rock has a marked LREE depletion [(La/Yb)CN = 0.54; (Ce/Sm)cN = 0.56] and a Eu positive anomaly [Eu/Eu* = 1.5] suggesting that the protolith was formed by the accumulation of cpx and plagioclase (Fig . 1A). This is confirmed by the high AI203 (17.1 %) and Cr (543 ppm) contents of this rock (Table 2). Primitive mantle-normalised multi-elements plot of this gamet amphibolite (Fig . 2A) supports this interpretation with a marked depletion in the most incompatible elements (Nb, Ta, Zr, Hf). This metamorphic rock is also depleted in Rb but enriched in Pb and Sr. Positive anomalies for these two latter elements are likely related to plagioclase accumulation suggesting that high pressure metamorphism had little effect on the primary chemical composition of the rock.

The Sr isotopie compositions of the garnet-amphibolite (97Ce4A) and eclogite (97Ce1) and their corresponding cpx and amphibole have been measured (Table 2). 97Ce1 whole-rock and cpx have the highest and lowest (87srt86sr)i ratios (0.70649 and 0.70331 , respectively), while that of the amphibole is slightly higher (0.70391) than the cpx value. (87srt86sr)i of the garnet-amphibolite is significantly lower th an th at of the 97Ce1 eclogite (0. 70519).

Eclogites, mineral separates and garnet-amphibolite ENd 1 range from +4.58 to +9.79 (Table 2).

Reported in the ENd 1 versus (87 Srt86sr)i (Fig. 3A), they fall in the N-MORB and OIB fields. One out of 4 of these high-pressure metamorphic rocks (98RR6) exhibits a significantly lower ENd 1 (+4.58). ln these rocks, no clear correlation is observed between ENd 1 and (La/Yb) ratio (Fig. 36). ln figure 3A, the lateral shift observed for the 87 Srt86sr ratios of 97Ce1 and 97Ce4A wh ole rocks, without any decrease of the ENd 1 could be attributed to a hydrothermal alteration or could result from altered oceanic crust assimilation. lnitiallead isotopie compositions of these samples are scattered (Table 2)

and display typical MORB and/or 018 signature. Two samples (98RR6 and 97Ce4A), however, exhibit significantly higher Pb/Pb values (Fig. 4). This feature could be due to contribution of a radiogenic component, which may be assimilated to continental crust or pelagie sediments or to a strong seawater hydrothermal alteration. The lowest lead isotopie composition has been obtained on cpx from the 97Ce1 eclogite, which plots in the N-MORB domain.

Serpentinised peridotites (97Ce14, 97Ce15)

The bulk rock compositions of the serpentinised ultramafic rocks are typical to those of moderately depleted lherzolites with moderate AI203, CaO and Ti02 contents and very high MgO amounts (Table 2). The high LOI (> 8 %) testifies to the alteration degree of these rocks and to the abundance of serpentinite after olivine and orthopyroxene pseudomorphs. High Cr content (2641 ppm for 97Ce14) is due to the occurrence of preserved Cr-rich chromite spinels (picotite). Chondrite-normalised REE patterns of these ultramafic rocks are characterized by La and Ce enrichments (1 . 76 < (La/Nd)CN < 2.58] and positive Eu anomalies (1.78 < Eu/Eu*< 2.04] (Fig. 18). The medium to heavy REE are within the range expected for residual ultramafic lithologies remaining after basait extraction. The LREE and Eu enrichments may reflect a more complex origin but can also be related to late hydrothermal alteration. Ultramafic rocks (primitive mantle normalized) multi-element plots show trace element contents close to the primitive mantle abundances with the exception of Pb, which is slightly enriched in bath samples (Fig. 28). 97Ce15 also exhibits a significant negative Ba anomaly and more limited positive Nb and P anomalies relative to 97Ce14 and the primitive mantle. Both ultramafic rocks possess (87 Srt86sr)i ratios which fall in the range of the Raspas matie amphibolites (Table 2 , Fig.

SA).

ENd 1 ratio of 97Ce15 (+8.04) is similar to those of most of the Raspas eclogites but is significantly lower than those of abyssal harzburgites (Snow et al., 1994). ln figures SA and 58, 97Ce15 (black triangle) plots close to the less hydrothermally altered eclogites. Reported in figure 4, the initial lead isotopie ratios of the serpentinised peridotites plot on or close to the NHRL [START_REF] Hart | A large-scale isotope anomaly in the southern hemisphere mantle[END_REF] and fall in the MORB field. 1.09), suggesting that the protolith was a plagioclase cumulate gabbro. Primitive mantle normalised multi-element plots of these amphibolites confirm their N-MORB affinities (Fig. 2C) with large depletions in LILE, Th, Zr and Hf. Positive Pb, Sr and Eu anomalies in samples 97Ce12, 97Ce13 and 97Ce18 likely reflect plagioclase accumulation, suggesting that these elements were not intensely mobilised during metamorphism. (87srf86sr)i ratios of these amphibolites do not significantly differ from those of the serpentinised peridotites of the El Toro formation (Table 2). The meta-gabbro and metabasalts yield very similar eNdi ratios (+10.11 < eNdi < +10.81), in the typical range of MORB (Fig. 3A). They are significantly more radiogenic than those of the eclogites and serpentinised peridotites. Relative to BCC, 97Ce2 is enriched in Ba and Th while 97Ce5 and 97Ce3 are strongly depleted.

97Ce6 and 97Ce3 are enriched and depleted in Zr and Hf, respectively. Lasses in Sr affect ali the metapelites. The (87sr/86sr)i, eNdi and (206,207,208pbf204pb)i ratios of the metapelites are homogeneous and typical of the continental crust (Fig. 3A and4). The negative eNdi values(< -6.3) associated with both high (87srf86sr)i (> 0.7137) and (207pbf204pb)i ratios (> 15.68) indicate that these metapelites derived from the erosion of an old crustal component and/or sediments.

Discussion

Main rock groups of the Raspas Complex

Geochemical study lead to distinguish three main rock groups within the Raspas Complex : No rocks with oceanic plateau characteristics occur in these units.

Thus, the Raspas Complex exhibits a well-defined internai structure, with independant tectonometamorphic units, each one characterized by distinctive lithologies, metamorphic evolution and chemical affinities. This does not support the interpretation of a mere "tectonic mélange" proposed by Aspden et al. (1995). Since these tectono-metamorphic units are bounded by tectonic contacts, the present-day structural organization of the Raspas Complex, is subsequent to the peak metamorphic conditions, and therefore, results from its exhumation history (see the geological map; chapters 1 and 6).

Conclusions

Geochemical and petrographie study of the Raspas Comptex and neighbouring terranes allowed us to identify severa! distinct litho-tectonic units:

(1) HP mafic and ultramafic rocks which belong to the Raspas formation and El Toro formation, respectively, with oceanic plateau affinities;

(2) HP metapelites of the Raspas formation, derived from an old continental crust;

(3) greenschist-and amphibolite-facies metabasalts and metagabbros {belonging to the Arenillas-Panupali and Piedras Amphibolites units, respectively) of N-MORB origin.

Therefore, the Raspas Complex area exhibits tectono-metamorphic units characterized by distinct lithologies, geochemical affinities and metamorphic conditions.

The evolution of the HP metamorphic rocks of the Raspas Complex may be explained by the dragging down of continent-derived sediments accumulated into an accretionary wedge as the edge of the oceanic plateau entered the subduction zone. Subsequently, the main body of the oceanic plateau stopped the subduction processes. Scattered Jurassic oceanic remnants, locally with plume-source affinity, known from northern South America and the Caribbean, may represent parts of this disrupted oceanic terrane.

As for most Late Cretaceous-Paleogene accretions in Ecuador (Jaillard et al., 1997;Reynaud et al., 1999), the accretion of the Raspas oceanic plateau occurred without obduction. ln this model, underthrusting of parts of accreted oceanic terranes might contribute to the crustal thickening of the upper plate in this part of the Andes, as already suggested by Megard (1987;1989) in Ecuador and further documented in Colombia by [START_REF] Weber | Crustal make-up of the Northern Andes: Evidence based on deep crustal xenolith suites, Mercaderes, SW Colombia[END_REF].

Along the latest Jurassic-Early Cretaceous suture of northwestem South America, oceanic plateau exhibit HP assemblages, whereas arc or N-MORB rocks show lower metamorphic grades. This suggests that this suture involves at least two distinct oceanic terranes characterized by distinct geodynamic evolution.

Newson, H.E., White, W.M., Jochum, K.P., Hofmann, A.W., 1986. Siderophile and chalcophile element abundances in oceanic basalts, Pb isotope evolution and growth of the Earth's core.

Earth Planet. Sei. Lett., 80, 299-313. Nivia, A., 1996. The Bolivar mafic-ultramafic complex, SW Colombia: the base of an obducted oceanic plateau . J. South Am . Earth Sei., 9, 59-68.
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Table caption

Table 1: Minerais observed in the studied metabasites and metapelites.

Table 2: Analytical data for selected lithologies of the Raspas Complex. Pb ratios.

• abbreviations: nd, not determined; bdl, below detection limit. Data sources for OIBs [START_REF] Hart | A possible new Sr-Nd-Pb mantle array and consequences for mantle mixing[END_REF]Stille et al., 1986;White et al., 1993); St-Helena (Newson et al. , 1986); Tubuaii (Vidal et al., 1984), Lesser Antilles [START_REF] Davidson | Crustal contamination versus subduction zone enrichment: examples from the Lesser Antilles and implications for mantle source compositions of island arc volcanic rocks[END_REF], Canary Islands [START_REF] Hoernle | Sr-Nd-Pb isotope data for Fuerteventura (Canary Islands) basal complex and subaerial volcanics: applications to magma genesis and evolution[END_REF]; MORB (White et al., 1987;[START_REF] Mahoney | Isotopie and geochemical provinces of the western lndian ocean spreading centers[END_REF], Staudigel et al., 1991), Modern marine sediments [START_REF] Ben Othman | The geochemistry of marine sediments, island arc magma genesis and crust-mantle recycling[END_REF]; NHRL, Northern Hemisphere Reference Line [START_REF] Hart | A large-scale isotope anomaly in the southern hemisphere mantle[END_REF]. Abbreviations are after Kretz (1983) Minerais observed ln the studied metapelltes.
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Met. Facies • Major(%) and Sc, V, Cr, Ni (ppm) analyses performed at the Laboratoire P trologie, Univ. Claude Bernard (Lyon, France). <Trace element analyses (ppm) performed at the Laboratoire des Cha nes Alpines, Univ. Joseph Fourier (Grenoble, F ran ce).

• Ali isotopie data (2s errer) are corrected for in situ decay assuming an age of 150 Ma (Litherland et al., 1994).

ENd, calculated with actual {' 43 Nd/ 144 Nd)cHUR = 0.512638 and {' 47 Sml' 44 )cHVR = 0.1967 (Wasserburg et al. ,198 1 ).

Pb isotopie ratios measured with external precision of ca. 100-150 ppm for the 206 , 207 , 200 Pb/ 204 Pb ratios. abbreviations: nd, not determined; bdl, below detection limit. ------------~~+-------------------------------------------~ -2

-4 CHARACTERISATION AND METAMORPHIC EVOLUTION.

• CHAPTER3 the El Toro formation (as defined by Feininger, in Bristow and Hoffstetter, 1977) represents one of the various metamorphic terranes (Feininger, 1982 and1987) grouped under the name of MEl Oro Metamorphic Complex" (Aspden et al., 1995) in South-Western Ecuador. This unit is bounded to the North by "La Palma -El Guayabo" fault, and to the South by a major tectonic contact. The observed lithologies mainly consist of variably-serpentinised massive metaperidotites with subordinate amphibole-diopside-chlorite-rich bands. Small dykes of primary matie rocks (now metabasites)

crosscut the ultramafic sequence. The El Toro ultramafites are particularly weil exposed in the quarries located immediately to the North of the Tahuin dam, in the MCerro El Toro" area.

According to field observations (see chapter 1) the tectono-metamorphic evolution of the El Toro metaperidotites is related to that one recorded by the Raspas eclogitic metabasites and metapelites (see chapter 4 and 5). ln order to define the constraints to the geological evolution and to characterise the El Toro ultramafites, a detailed petrological and geochemical study has been carried out.

ln the present chapter the data concerning petrography, mineral chemistry and whole rock chemistry are presented. They are followed by a discussion on the primary rock associations and on their subsequent metamorphic evolution. This study allows to define for the first time the El Toro formation as a unit composed mainly of moderately depleted mantle peridotites that experienced high pressure (eclogite facies) metamorphic peak conditions without significant indications of a retrograde overprint.

Preliminary notes

To enter the philosophy adopted in the present work and in particular to fix some simple and clear points to avoid confusion with what has been previously described in the literature concerning the El Toro formation (Feininger, 1980;Aspden et al., 1995, Bosch et al. 2002), the following remarks must be taken into consideration when reading the following chapters.

Rock names refer to what sample looks in hand specimen, taking into account its main petrographie characters: the term "metaperidotite" has been used to indicate an ultramafic rock that recrystallised during a metamorphic evolution, disregarding its possible protolith, either of mantle of magmatic origin .

Because of the marked metamorphic recrystallization of most of the studied samples, the name of the protolith is inferred on the basis of the scanty structural and mineralogical relies but, mostly, on the bulk rock geochemical characters. The author does not think that rare relict porphyroclasts can led to a correct modal classification on a petrographie base.

The rocks named "amphibolites" are samples mainly composed of dominant amphibole and subordinate zoisite. The lack of plagioclase would not allow the adoption of this terminology, which recalls amphibolite-facies rocks, but it has the advantage to immediately put in evidence the dominant mineralogical component.

Samples labelled TF794 and EA68 have been kindly provided by Tomas Feininger (Université Laval, Québec, Canada); descriptions, analyses and interpretations are of the author's responsibility.

Petrography

The studied ultramafic rocks belong to the El Toro formation and they have been sampled mainly in 

Amphibolites:

Zoisite-bearing amphibolites: (sam pies 99TH56, 99TH59, 99TH60, 99TH61, 99TH62, 99TH70)

Metaperidotites with diopside-amphibole-chlorite bands

These metaperidotites are massive rocks (dark green in colour on fresh surfaces, with black thin "flames" where the serpentinisation is more developed) characterised by a variably pervasive schistosity defined by aligned crystals of antigorite. The presence of orthopyroxene porphyroclasts is evidenced by their typical cleavages and bronze colour.

On a fresh surface the diopside-amphibole-chlorite bands are represented by very dark green to black levels (1-2 cm thick) in which the amphibole can be easily recognised. Where these bands are more frequent they can be present every 3-5 cm .

The primary mineralogy of the protolith of these metaperidotites is solely represented by diffuse olivine porphyroclasts (olivine 1) and rare clinopyroxene, orthopyroxene and dark spinel porphyroclasts: the dominant metamorphic assemblage is characterised by amphibole, clinopyroxene, new metamorphic olivine (olivine 2), in equilibrium with serpentine. According to these petrographie characters, the dominant metamorphic assemblage is responsible for the adoption of the term "metaperidotites", giving at the same lime, also indications of the most probable protolith. ln fact, because of scanty relicts of olivine, clinopyroxene, orthopyroxene and spinel, it can be tentatively inferred thal the protoliths were mantle peridotites, equilibrated at spinel-facies conditions.

Where the deformation rate has been more intense the metaperidotites with diopside-amphibolechlorite bands show a discordant mylonitic texture overprinting the banding

Metaperidotites (samples 99TH45, 99TH48-B, 99TH49, 99TH51-B, 99TH55, 99TH72, TF794, EA68)

Minerais observed in the studied metaperidotites are listed in table 1.

ln the metaperidotites (figure 1a) olivine is presents as coarse elongated (0,5 to 2 mm in size) and oriented porphyroclasts (olivine-1) or as fine-grained granoblastic neoblasts (olivine-2). The two generations of olivine are usually concentrated in defined domains, indicating two different stages of the evolution of this rock type (table 4). ln particular the olivine-1 could be related to a primary texturai evolution showing a flow structure defined by the preferred orientation of the olivine-1 crystals [START_REF] Nicolas | Structures of ophiolites and dynamics of oceanic lithosphere[END_REF]; while olivine-2 refers to the metamorphic recrystallization. Fibrous amphibole-2 is common present along the contact of the mafic bands and the enclosing metaperidotite, where it is usually oriented roughly perpendicular to the banding.

Antigorite is the ubiquitous serpentine polymorph (figure 1 ): it replaces both olivine-1 and chrysolite veins and chlorite.

Chlorite grows around the black spinels and as isolated lamellae dispersed in the matrix.

Spinels are present as brown spinels included in olivine-1, or as black spinels dispersed in the rock.

Diopside-amphibole-chlorite bands in metaperidotites (samples 99TH48-A, 99TH51-A).

The mafic bands present in the metaperidotites are characterised by diopside, amphibole, and chlorite (tables 1 and 5; figure 1a).

The porphyroblasts of colourless or pale rose amphibole-1 (ranging from 0.5 to 1.5 mm in size) form a slender nematoblastic texture. Amphiboles show a marked pleochroism from pale rose to colourless and sorne grains are zoned, showing a colourless rim. A colourtess rim of amphibole-2 can be also observed around amphibole-1 porphyroblasts.

Chlorite is present as colourless lamellae (smaller than 0.4mm) and commonly surrounds the amphibole crystals showing a slight lepidoblastic texture. lt has been also observed as rims around big grains of black spinel.

Diopside porphyroblasts (generally 1 to 1.5mm long) are colourless sub-idioblastic crystals showing a decussate texture.

Rare antigorite neoblasts are associated with the diopside.

Coarse isolated grains (1-2mm large) as weil as small xenoblasts of black spinel are usual in these bands.
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diopside-chlorite bands.

Olivine-rich bands in banded ultramafites (tables 28 and 6)

Samples collected in these bands have been divided into three sub-groups, namely the chloritebearing, the chrysotile-bearing and the antigorite-bearing oilvine-rich bands.

Chlorite-bearing olivine-rich bands (samples: 99TH47 and 99TH65)

The chlorite-bearing olivine-rich bands show a massive texture characterised by abundant coarse grained olivine porphyroclasts. They recorded a ductile deformation that induced an undulatory extinction: kinked deformation lamellae are also common.

The olivine-1 fa bric (figure 1 b) varies from granular to elongated ( crystals are in average 1 mm long).

The neoblasts of olivine-2 are absent in these samples. Spinels s.l. are present as small brown spinels included in olivine-1, and as widespread rounded dots of black spinel. lsolated black spinel grains(no bigger than 1mm) are also present.

The chlorite is observed as idioblastic lamellae or as aggregates around black spinels. 

Chrysotile-bearing olivine-rich bands (sample : 99TH57)

The chrysotile-bearing olivine-rich bands are massive rocks mainly constituted by porphyroclasts of olivine-1 and scattered rounded black spinels (up to 2mm large). A network of chrysotile veins crosscuts the olivine (figure 1b).

Olivine-1 crystals are locally kinked and they include rare small rounded brown spinels.

The black spinel is rimmed by chlorite.

Two kind of veins are present: the older system consists of dominant chlorite replacing clinopyroxenes: it is eut by a younger one mainly composed of antigorite, olivine-2 in small equigranular grains, and titan-clinohumite.

Antigorite-bearing olivine-rich bands (samples 98TH4, 98TH5, 99TH44-A, 99TH50, 99TH52-B, 99TH53-C, 99TH58-C, 99TH63-B, 99TH64-B, 99TH67-B, 99TH68-B, 99TH71)

The antigorite-bearing olivine-rich bands are generally characterised by a massive texture where olivine-1 porphyroclasts are concentrated in levels alternating with antigorite-rich domains (figure 1b).

Olivine-1 crystals form an oriented fabric in which the large porphyroclasts (ranging between 0.5 and 2mm in size) are elongated, kinked and deformed to suggest flow structure [START_REF] Nicolas | Structures of ophiolites and dynamics of oceanic lithosphere[END_REF]. Small sized equigranular grains of olivine-2 {± titan-clinohumite) are observed in veins that are restricted to the antigorite-rich layers.

The olivine layers contain black spinels (up to 2mm large), generally anhedral, in variable amount.

Few grains of black spinel show a core of brown spinel.

Chrysotile forms a network of small veins crosscutting the olivine-1 layers. The antigorite defines domains in which the serpentine crystals are orthogonal to the layering. At increasing deformation, a weil developed antigorite foliation is observed on the olivine-1 porphyroclasts. ln this case the olivine-1 may be quite entirely replaced by the olivine-2 aggregates (sample 99TH71). A further step in deformation produces development of a mylonitic texture.

Chlorite has been observed as aggregates rimming the black spinels grains.

Amphibole-diopside-chlorite bands in banded ultramafites (samples 99TH44-B, 99TH52-A, 99TH53-A & -B, 99TH58-B, 99TH63-A, 99TH64•A 99TH66, 99TH67-A, 99TH68-A)

The amphibole-diopside-chlorite bands (tables 2A and 5) are characterised by variable modal proportions of the three dominant mineral phases. As a rule, chlorite and diopside are dominant over amphibole. The contact between the amphibole-diopside-chlorite bands and the olivine rich bands is commonly sharp and it is marked by an increased quantity of antigorite in the olivine-rich bands.

Sub-idioblastic porphyroblasts of colourless amphibole-1 are generally Jess than 1mm long and they never exceed few millimetres. Small rims of colourless amphibole-2 locally develop bordering the amphibole-1 porphyroblasts. The younger amphibole is also present as small fibrous crystals.

Chlorite is present as coarse colourless porphyroblasts or as smaller lamellae. The porphyroblasts are deformed and kink bands are common.

The diopside neoblasts are colourless to brownish altered small crystals (less than 0.5mm long). They can display a fairly nematoblastic texture or a more usual decussate one. A reaction rim is common where clinopyroxene is in contact with chlorite.

Coarse isolated grains of black spinels (1-2mm large) surrounded by aggregates of chlorite lamellae are common, as weil as xenoblastic antigorite rimming the chlorite. When strongly deformed, the amphibolites show thin shear bands, defined by isoriented amphibole grains, that depict a texture with microlithons composed mainly of decussate amphiboles and zoisite.

Amphibolites

3.2.4

Discussion on the paragenetic and structural characters.

Metaperidotites with diopside-a mphi bole-chlorite bands

The metaperidotites belonging to the El Toro ultramafic body show, on a petrographie basis, three main stages in their evolution : they are summarised in tables 4, 5, 6 and 7.

The observed steps in crystallisation and deformation are common to the described lithologies (metaperidotites and mafic bands) even if they are represented by different parageneses accordingly to their composition.

The first recorded stage is characterised by the assemblage olivine-1 , brown spinel, clinopyroxene and orthopyroxene. Based on these scanty mineralogical relies, it can be substained that the protolith of the metaperidotites was a mantle peridotite, bearing at least some clinopyroxene.

The second step corresponds to the formation of hydrated phases like amphibole porphyroblasts and chlorite, which replace pyroxenes. Amphibole-1 is in equilibrium with olivine-1, chlorite and black spinel,. Abundant amphibole-1 and chlorite lamellae surround orthopyroxene showing a clear reaction relationship. The pristine spinel-facies assemblage appears to have recrystallized under hydrous conditions, but still at relatively high temperature, consistent with the stability of olivine, and the instability of serpentine: these data could, accordingly, indicate that the mantle protolith underwent partial recrystallization at amphibole-or amphibole+ chlorite peridotite-facies conditions.

A subsequent evolution at lower P-T conditions is represented by the destabilisation of olivine and the formation of serpentine minerais, accompanied by chlorite, as testified by the development of meshtextured veins of chrysotile-lizardite crosscutting olivine-1. Amphibole-2 appears to be stable with serpentine and chlorite and it rims the amphibole-1 porphyroblasts (see §mineral chemistry and table 4). Chlorite is in texturai equilibrium with amphibole-1 and idioblastic lamellae show a reaction rim with olivine-1. At the same time the brown spinel is replaced by black spinel and chlorite. This stage can be referred to a shallow levet, oceanic-type evolution of the mantle protolith.

A further evolution stage is testified by the development of the metamorphic paragenesis olivine-2 + diopside + antigorite ± Ti-clinohumite. The neoblastic olivine-2 is stable with antigorite, neoblastic clinopyroxene and titanclinohumite and they overgrow the primary assemblage composed of olivine-1 + orthopyroxene + clinopyroxene + spinel. Also the amphiboles are crosscut by decussate small grains of antigorite and diopside.

Similarly, in the matie bands observed in the metaperidotites the diopside, present in lesser amounts than amphibole, clearly overgrows the amphibole-chlorite assemblage developing a thin reaction rim.

This olivine-2 -diopside -antigorite assemblage indicates a prograde evolution from shallow levels towards higher temperature (and pressure) conditions. The metamorphic evolution is related to the subduction of the metaperidotites and the olivine-2 bearing paragenesis represent metamorphic peak conditions in the eclogite-facies at temperatures around 500°C (see § 3.6).
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diopside-chlorite bands.

The primary rocks composing the banded body in the El Toro metaperidotites were formed by alternating ultramafic and mafic bands, now represented by olivine-rich and amphibole -diopsidechlorite bands, respectively. This texture could have been produced by: a) primary magmatic layering or b) secondary metamorphic differentiation of a previous peridotitic rock.

The only mineralogical relies of the primary minerais are olivine-1 and spinel in the olivine-rich bands, whereas primary minerais of the matie bands have been completely replaced during subsequent recrystallizations by amphibole and chlorite and then by diopside and antigorite. The rounded, rather idiomorphic shape of the spinel grains in the olivine-rich bands and their inclosure in the olivine crystals, could be indicative of a magmatic, cumulate origin of these bands, as olivine+spinel cumulates.

The oldest paragenesis showed by matie bands is represented by the association of amphibole and chlorite. This is consistent with the second step observed in the evolution of metaperidotites and characterised by the formation of hydrated phases like amphiboles porphyroblasts and chlorite, which replace pyroxenes.

The subsequent step is represented by the occurrence of chrysotile-lizardite and chlorite crosscutting the olivine-rich bands, and is consistent with an oceanic-type evolution of the mantle protolith.

The formation of diopside and antigorite after amphibole and chlorite in the mafic bands, corresponds to the formation of olivine-2 + antigorite in the ultramafic bands. This stage can be related the subduction, up to eclogite-facies conditions, of the El Toro ultramafic body (see §3.6 and §3 .7).

To conclude, the evolution of the parageneses observed in the banded body is consistent with the evolution of the metaperidotites, suggesting a primary link between the two bodies preceding the recrystallization under hydrous conditions. 

Mineral chemistry

The chemical compositions of olivine, pyroxene, amphibole, serpentine, chlorite, clinohumite, spinel and gamet were determined at the University of Lausanne using the wavelength dispersive electron microprobe (CAMECA SXSO). The operating conditions were: 15kV accelerating voltage and 15nA sample current, after a calibration on natural mineral standards: Both simple point determination and/or zoning profiles were obtained. ln case of unzoned minerais the analysed points correspond to the core of the crystal, while a profile through the whole grain has been chosen to show chemical zoning. The different kind of normalization adopted for the structural formulae are reported in each probe analysis table; for the amphiboles an estimation of ferric/ferrous iron [START_REF] Leake | Nomenclature of amphiboles[END_REF] has been attempted in order to produce a stoichiometric "average formula".

The mineral chemistry of the El Toro ultramafites is described according to the main three lithological groups identified on a petrographie base (Tables 1, 2A. 28, 3). ln particular the following thirteen samples have been chosen as representative for the different rock groups:

Metaperidotites with diopside-amphibole-chlorite bands

Metaperidotites (samples 99TH48-B, 99TH51-B, 99TH55, TF794)

Diopside-amphibole-chlorite bands (samples 99TH48-A, 99TH51-A)

Banded ultramafites:

Olivine rich bands:

Chlorite bearing (samples 99TH47)

Chrysotile bearing (sample 99TH57)

Antigorite bearing (sam pies 99TH50, 99TH67 -B)

Amphibole-diopside-chlorite bands: (sample 99TH67-A)

Amphibolites:

Zoisite bearing amphibolites: (samples 99TH56, 99TH70)

The discussion concerning the mineral chemistry study is presented in the § 3.6, during the discussion on the primary and metamorphic evolution of the El Toro ultramafic body. and Ca content, range respectively from 0.86 to 0.96 a.p.f.u. and from 0.87 to 0.98 a.p.f.u.

Orthopyroxene

The orthopyroxene has been analysed in the sample TF794 (table 9), where it shows enstatitic composition with an average Mg# of 89.00. Profiles through porphyroclasts did not evidence chemical zoning. As observed for the clinopyroxene porphyroclasts the enstatite is enriched in chromium.

Olivine

The olivine has been observed in two generations exclusively in the metaperidotites (not in the bands}.

The analyses of olivine-1 porphyroclasts and olivine-2 neoblasts are listed in table 8, 9, 10 and 11.

The texturai difference is reflected in the olivine mineral chemistry, as indicated by figure 2 

Serpentine

The serpentine show a wide compositional range corresponding to the two polymorphs observed (fig. 4). The chrysotile is characterised by high Mg values (2.8-2.9 a.p.f.u.) and by very low Al a.p.f.u.(0.0-0.02). The antigorite, stable during the peak metamorphic conditions, shifts its Mg content toward 2.6-2.7 a.p.f.u. and increases the Al until 0.16 a.p.f.u. (tables 8, 9, 10 and 11 ).

Chlorite

The chlorite is magnesium-rich, as indicated by an XMg varying from 0.93 to 0.96 (tables 8, 9, 10 and11 ). Following the nomenclature of [START_REF] Hey | A new review of the chlorites[END_REF] they fit in the clinochlore field.

Clinohumite

The clinohumite, stable with the metamorphic peak assemblage Di+Atg+OI-2, is ubiquitous in the metaperidotites. The analysed clinohumites have significant amounts of titanium (tables 8 and 11 ). ln fact the Ti ranges from 0.42 to 0.45 a.p.f.u. permitting to classify the hydroxyl-silicate as titanianclinohumite. The analysis of fluorine has been systematically performed for the titanian-clinohumites due to the importance of this element for the breakdown reactions [START_REF] Engi | Stability of titanian-clinohumite: experiments and thermodynamic analysis[END_REF][START_REF] Trommsdorff | Titanian hydroxyl clinohumite: formation and breakdown in antigorite rocks (Malenco, ltaly)[END_REF] involving clinohumite. Every sample gave fluorine amounts lower than 0.01 wt%, hence it can be considered fluorine free.

Amphibole ln the metaperidotites the amphibole is a rather common phase, and it is a characteristic mineral in the bands. ln both the lithologies amphibole is present in two different generations of grains. The first generation (amphibole-1) is represented by porphyroblasts of calcic amphibole (pargasite or tremolite), while the second (amphibole-2) is defined by small fibrous crystals or neoblastic grains of sodic-calcic amphibole [START_REF] Leake | Nomenclature of amphiboles[END_REF]. ln particular accordingly to their Si content these last can be classified as magnesiokatophorite or as richterite (tables 9, 10 and 11). ln the bands in metaperidotites the sodic-calcic amphibole has been mainly observed as a rim around pargasites.

Banded ultramafites: olivine rich bands and amphibole-diopside-chlorite bands

Four samples are representative of the olivine rich bands in banded ultramafites, namely 99TH47 (table 13) for the chlorite-bearing olivine-rich bands; 99TH57 (table 14) for the chrysotile-bearing olivine-rich bands, and 99TH 50 and 99TH67 -B (tables 15 and 12) for the antigorite-bearing olivine-rich bands. Sample 99TH67-A (table 12) represents the amphibole-diopside-chlorite rich bands.

Olivine

The olivine is present in ORB as porphyroclasts (olivine-1), or as small neoblasts (olivine-2), often in veins. The primary olivines-1 span a relatively wide range of XMg, ranging from 0.88 to 0.91. Also the MnO content varies considerably, ranging from -0.11 to -0.23 wt%. This variation is justified by a chemical zoning: the sam pies 99TH4 7 shows this variation with a core with XMg = 0.90 and the rim with XMg = 0.88. The decrease in magnesium corresponds to an increase in manganese (table 13;

figure 2). The chemical zoning can be more or less evident depending from the different samples. 

Chio rite

The chlorite in olivine-rich bands and amphibole-diopside-chlorite-rich bands is magnesium-rich, as indicated by an XMg varying from 0.94 to 0.95. Depending on the silica content the chlorites fit in the clinochlore or penninite field according to the nomenclature of [START_REF] Hey | A new review of the chlorites[END_REF].

Pyroxene

The analysed clinopyroxenes in the amphibole-diopside-chlorite-rich bands are characterised by small neoblasts fitting in the diopside field [START_REF] Morimoto | [END_REF], with the following average end members content: En=49%, Fs=1% and Wo=50%.

Amphibole ln the amphibole-diopside-chlorite rich bands the amphibole is present in variable amounts. Two different generations of grains have been recorded: the first (amphibole-1) is represented by porphyroblasts of calcic amphibole (pargasite or edenite depending on the Si content: e.g. for the sample 99TH63-A Si =-7.5 a.p.f.u. plotting the analysis in the edenite field). The second (amphibole-2) is defined by small fibrous crystals of sodic-calcic amphibole [START_REF] Leake | Nomenclature of amphiboles[END_REF]. ln particular according to their Si content these last can be classified as magnesiokatophorite or as richterite. The sodic-calcic amphibole can also represent small rims around pargasite/edenite porphyroblasts.

Amphibolites

Two samples (i.e. 99TH70 and 99TH56) of the mafic dykes crosscutting the ultramafic body and now represented by zoisite-bearing amphibolites have been chosen as representative. The former shows the relicts of the eclogite facies metamorphic peak mineralogy (i.e. omphacite) while in the second the zoisite-amphibole assemblage is dominant.

Clinopyroxene

The analysed pyroxene belongs to the Na-pyroxene group [START_REF] Morimoto | [END_REF] and it is characterised by an average jadeite end-member content of 34 mol% (tables 16 and 17) plotting into the omphacite field. Analyses show an important dispersion of the Jd content, ranging from 13 to 42 mol%.

Garnet

Garnet is characterised by an high grossular end-member content averaging 76 mol% (table 17), and by an average XFe around 0.91 . No important chemical zoning has been observed from core to rim of the analysed grains. The Ca-rich composition is strongly consistent with a Ca-enrichment of the system related to a rodingitic event.

Zoisite

Zoisites are characterised by a ratio Fe3+/(AI+Fe3+) averaging around 0.10 and corresponding to pistacite content of 10 mol% (tables 16 and 17). Usually zoisites have a lower Fe3+ (DHZ. 1986): a reaction with pre-existent garnet could be the origin for this chemical anomaly.

Amphibole

The amphibole is the dominant phase in the rock and it is present as i) unzoned green crystals or as ii) more rare grains having a rose core grading to a green rim. The former (tables 16 and 17) are calcic amphiboles and in particular, the alkali content (Na + K)A > 0.50, the Si averaging around 6.3 a.p.f.u.

and the Alv 1 > Fe 3 • are consistent with pargasite. [START_REF] Leake | Nomenclature of amphiboles[END_REF]. The zoned amphiboles are characterised by a rim having the same pargasitic composition as that observed for the unzoned crystals. On the contrary the core analyses are representative of sodic-calcic amphiboles and they fit ta the magnesiotaramite classification field (tables 16 and 17) [START_REF] Leake | Nomenclature of amphiboles[END_REF]. Actually this difference in classification is mainly due to the Ca and Na 6 in the structural formula. When the analyses results are close ta the limits between two different fields (i.e. calcic and sadie calcic amphiboles), as it is the case for the sample 99TH70, the ferrous/ferric iron estimation adopted becomes more relevant for the amphibole classification. Values like Ca = 1.484 a .p.f.u. and Na 6 = 0.516 a.p.f.u. of sample 99TH70 can be thus interpreted like the last stage of a sodic-calcic amphibole that is recrystallizing shifting its composition toward the calcic series, more than a merely rigid classification (cfr § 3.6: Metamorphic evolution). peridotites [START_REF] Hofmann | Chemical differentiation of the Earth.: the relationships between mantle, continental crust and oceanic crust[END_REF][START_REF] Jagoutz | The abundance of major, minor and trace elements in the Earth's mantle derived from ultramafic nodules[END_REF].

The amphibole-diopside-chlorite band in metaperidotites has lower MgO (24.89wt%) and significantly higher CaO (10.04wt%) and Al 2 0 3 (8.73wt%), which indicate a mafic composition of the protolith.

The olivine-rich bands of the banded ultramafites show, according with their mineral compositions, lower Si0 2 and higher ) contents than the metaperidotites. in this case, the SrN anomaly could be related to the presence of modal plagioclase in the protoliths.

An evident positive SrN anomaly is also present in the metaperidotite (sample 99TH55) and, to a lesser extent, in the pyroxenite (i.e. 99TH51A) and in the olivine-rich bands (samples 99TH47): this feature cannet be related to the primary assemblages (i.e. presence of plagioclase) of the protoliths but, most probably, it depends on a metasomatic enrichment suffered by these rocks during their evolution. Sr enrichment in ultramafic rocks is a common feature of the oceanic serpentinization [START_REF] Bonatti | Equatorial Mid-Atlantic Ridge: patrologie and Sr isotopie evidence for alpine-type rock assemblage[END_REF][START_REF] Menzies | MORB-peridotite-sea water interaction: experimentai constraints on the be havi our of trace elements[END_REF][START_REF] Scambelluri | Fluid and element cycling in subducted serpentinite: a trace-element study of the Erro-Tobbio high-pressure ultramafttes (western Alps, NW ltaly)[END_REF] .

Another noticeable characteristic is the significant Ti-enrichment of sorne olivine-rich bands, which can be related both to the presence of Ti-bearing chromian spinel (sam pie 99TH47), and the abundance of titanian clinohumite (99TH67): in this latter case, Ti mobility and enrichment during metamorphism must be invoked.

Primary rock association

The available data on mineral assemblages, bulk rock major and trace element compositions of the investigated sam pies, allow to reconstruct the primary rock association of the El Toro ultramafic complex.

The metaperidotites show, in places, relies of clinopyroxene and orthopyroxene, amphibole and chlorite pseudomorphs on orthopyroxenes and spinels: these mineral and structural features allow to recognize that these rocks derived from pristine spinel-facies mantle peridotites. Geochemical data suggest that the pristine mantle peridotite was only moderately depleted: in fact, its contents in fusible Summing up, petrographie and compositional data allow one to recognize that the El Toro ultramafic body was originally composed by three main rock associations:

1. Mantle spinel peridotites with spinel pyroxenite bands.

2. Layered olivine-and plagioclase-bearing mafic-ultramafic rock sequences, deriving from primary MORB basaltic magmas.

3. MORB-type gabbroic and basaltic dykes.

Metamorphic evolution

The petrographie and compositional data indicate that the El Toro ultramafites were affected by a complex tectono-metamorphic evolution related to decompressional upwelling from mantle depths towards shallow, most probably ocean-floor levels, followed by subduction to deep levels (eclogite facies), and then by exhumation in an active-margin setting. The subsequent metamorphic evolution is related to the subduction of the El Toro ultramafic body, which reached eclogite facies conditions, as indicated by relict eclogitic pyroxenes and gamet in amphibolites. The olivine+diopside+antigorite+ Ti-clinohumite assemblage (figure 9) represents the metamorphic peak in metaperidotites [START_REF] Evans | Metamorphism of alpine peridotite and serpentinite[END_REF]Spear, 1995): in the pyroxenite bands, analogous metamorphic conditions are indicated by the association of diopside and antigorite. This paragenesis represents the metamorphic peak also for the amphibole-diopside-chlorite bands of the banded ultramafites. For the olivine rich bands of the layered body the peak assemblage is usually represented by olivine+antigorite+Ti-clinohumite; the diopside has been observed only in small veins (in association with olivine and antigorite). The prograde transition from the oceanic metamorphic conditions (i.e chrysotile stability) towards higher metamorphic conditions (i.e. antigorite stability), could be referred to equation 3 in figure 9, following a temperature increase. The stability field of Atg+Di+OI+ Ti-Chu peak paragenesis lies within the antigorite stability field [START_REF] Trommsdorff | Titanian hydroxyl clinohumite: formation and breakdown in antigorite rocks (Malenco, ltaly)[END_REF] and is limited towards lower temperatures by the reaction Atg+Brc = OI+H20 (figure 9, reaction 4), and to higher temperatures by the reaction Atg = 011 + Tlc+H20 (figure 9, reaction 6). The analysed titanian clinohumites resulted fluorine free (XF<0.001), hence the breakdown reaction Ti-Chu = Ol+llm+H20, that is strongly dependent on the fluorine content of the Titanian clinohumite [START_REF] Engi | Stability of titanian-clinohumite: experiments and thermodynamic analysis[END_REF]Lindsley, 1980, Trommsdorff and[START_REF] Trommsdorff | Titanian hydroxyl clinohumite: formation and breakdown in antigorite rocks (Malenco, ltaly)[END_REF], is shifted toward lower temperatures than the antigorite breakdown reaction. ln this case the upper stability limit for the metamorphic peak assemblage of the El Toro metaperidotites must be consistent with the reaction 5 in figure 9, indicating temperatures not higher than 500-550°C.

Indications concerning the high-pressure (eclogite facies) conditions attained by the ultramafic body are provided mainly by the omphacite+rutile association in the amphibole-rich matie dykes. More problematic is the significance of garnet occurring in the amphibolites. ln fact important amounts of grossular end-member (Grossular=-76%) could be consistent with a rodingitic event [START_REF] Coleman | Ophiolites[END_REF] experienced by the gabbroic dykes before the HP metamorphism. Moreover a metarodingite or , more in general, the occurrence of allochemical processes could also explain the particular two-phases (i.e.

amphibole and zoisite) paragenesis characterising the amphibolitic dykes. The fair petrographie evidence of garnet replacement by zoisite is not a valid enough argument to interpret the amphibolezoisite assemblage as a retrograde stage. ln addition the pargasite is particularly Na-rich if compared to that analysed in metaperidotites (to 2 wt% more), and generally the average structural formula is very close to that of a sodic-calcic amphibole. 1t is important to remember that the compositional zoning observed in severa! amphiboles indicates a sodic-calcic core (Mg-taramite) grading to a pargasite rim. Thus, being stable on a wide range of P-T conditions, the assemblage amphibole+zoisite does not clearly constrain the retrograde P-T path for the amphibolites [START_REF] Gilbert | Amphiboles: petrology and experimental phase relations[END_REF][START_REF] Robinson | Phase relations of metamorphic amphiboles: natural occurrence and theory[END_REF]. A similar retrogade evolution has not been seen in the surrounding rocks.

Conclusions

The study of mineral assemblages and microtextures of the rocks sampled in the El Toro formation allowed to define and characterise a main body of metaperidotites with pyroxenite layers (now diopside-amphibole-chlorite-rich bands). A subordinate layered mafic-ultramafic intrusion is composed The metamorphic evolution of the El Toro ultramafic unit can be synthesised in two main phases: the former is related to the decompression, with temperature decrease, from mantle depths towards shallow oceanic conditions; the latter is mainly related to the subduction to high pressure conditions.

Available petrographie and compositional data suggest that pristine mantle peridotites, with pyroxenite During the subsequent metamorphic evolution related to the subduction, the ultramafic body reached eclogite facies conditions. The olivine + diopside + antigorite + Ti-clinohumite assemblage, representing the metamorphic peak in metaperidotites, indicates temperature not higher than 500-5500C, whereas the omphacite +rutile association in amphibolite-rich mafic dykes indicates the highpressure conditions.

To conclude, this study allows one to reconstruct the primary and tectono-metamorphic evolution of the El Toro ultramafites. The petrographie and compositional data indicate that the ultramafic body experienced high-pressure metamorphism in a subduction environment. Moreover the observation of a preserved HP mineralogy is consistent with rapid exhumation rates as proposed for the Raspas formation (see chapters 4 and 5).

Consequently new insights on the exhumation mechanisms in an active-margin setting arise from the exposed petrological and geochemical data. They will be discussed in chapter 6.
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Fig. 9: P-T diagram showing mineral equilibria in the system Si02-Mg0-Ca0-H20 (modified after [START_REF] Scambelluri | Alpine olivine-and titanian clinohumite-bearing assemblages in the Erro-Tobbio peridotite (Voltri massif, NW ltaly)[END_REF]. Reactions are: 4 and 6 after Spear, 1993; calculated from the thermodynamic database of [START_REF] Berman | An internally consistent thermodynamic data base for minerais in the system Na 2 0-K 2 0-Ca0-Mg0-Fe0-Fe203-AI203-Si0 2 -Ti0 2 -H 2 0-C0 2[END_REF][START_REF] Berman | linternally consistent thermodynamic data for minerais in the system Na 2 0-K 2 0-CaO-MgO-FeO-Fe203-AI203-SiOrTi02-H20-C02[END_REF]; 1 and 3 after [START_REF] Evans | Stability of chrysotile and antigorite in the serpentinite multisystem[END_REF]2 after Oterdoom, 1978; 5 and 7 after Engi &Lindsley 1980.

The triangular diagram (projected from H20) refers to the Di+Atg+OI metamorphic peak assemblage in metaperidotites, evidenced in the P-T space by the grey area. The aim of this chapter is to use the eclogites as a guide for deciphering the P-T evolution of the Raspas Complex. Although the Raspas eclogites have been adequately described by Feininger (1980), the petrologist can now take advantage of two decades of progress in our understanding of the thermodynamics of minerais and rocks for reassessing their P-T evolution.

CHAPTER4 ECLOGITES, GARNET AMPHIBOLITES AND BLUESCHISTS FROM THE RASPAS COMPLEX (SW

Petrography

The studied metabasites have been sampled in the Raspas Complex along the Raspas river (see annexed map). The best outcrops have been observed, going down the river, in a small canyon (already described by Feininger, 1980 and named "eclogite canyon") starting from the point with coordinales: UTM-WGS84: 17 /618393E-9601678N.

The 21 samples analysed in this study show three types of mineral associations (table 1). The 

Eclogites

The eclogites (figure 1 A) are massive rocks, dark green in col our, fine to medium-grained. A strong foliation is also common, and typically they show a metamorphic layering characterised by pyroxenerich levels altemating with black-blue amphibole-rich layers. Red to brownish gamets can be dispersed in the rock or concentrated in domains.

Garnet idioblasts have been observed mainly as porphyroblasts (up to 5-6 mm in size) dispersed in the matrix. Only in a few samples smaller grains tend to form gamet-rich domains showing a granoblastic texture. ln the field, sorne gamet-rich layers up to severa! centimetres thick have been observed, presumably corresponding to the gametite as described by Feininger (1980). The gamet, pale rose in colour, typically shows a zoning characterised by an inclusion-rich core of very fine grained titanite and epidote, plus pseudomorphs of epidote ± titanite after euhedral rhombic or square grains. On the contrary, the outer rim is limpid with sparse inclusions of rutile. The presence of internai shells of quartz is a further feature, but it is limited to limpid gamets including rutile and without epidote/titanite-rich core.

The clinopyroxene is represented by euhedral to sub-euhedral prisms of omphacite, pale green in colour and nonpleochroic. Small inclusions of rutile are common. Porphyroblasts are less usual.

Amphibole can represent up to the 40 % of the eclogite. ldioblasts are pleochroic, the absorption colour varying from pale green-yellow to blue-green. Porphyroblasts are common and, generally, a texturai equilibrium has been observed between gamet, omphacite and amphibole.

Clinozoisite is characterised by sub-euhedrral grains, colourless and nonpleochroic, normally smaller in size than coexisting amphibole and/or omphacite. ln addition to the matrix, the clinozoisite is also in inclusion within garnet and omphacite.

Anhedral grains of quartz have been observed in the matrix as weil as inclusions in garnet.

White mica is not found within ali studied samples, and its modal amounts can vary considerably.

Muscovite occurs in lamellae isolated or grouped in lepidoblastic demains defining, together with amphibole and omphacite, the main schistosity.

Rutile represents the dominant accessory phase. Small amounts of chlorite, epidote and titanite are texturally retrograde phases.

Garnet amphibolites

Garnet amphibolites (figure 1 B) are medium-to fine-grained massive rocks, dark-blue to black in colour, showing a variably pervasive foliation, and characterised by the assemblage garnet + amphibole + clinozoisite + rutile. The term "garnet-amphibolite" is not strictly correct for these rocks, because of the lack of plagioclase. Anyway this name is aimed to depict in the field a lithology that differs markedly from the eclogites.

Sub-euhedral crystals of garnet are usually smaller than those observed in eclogites, even if porphyroblasts larger than one centimetre can be present. Inclusions of epidote s.l. and subordinate quartz are common. Part of the studied samples has shown garnets with a clear outer rim, keeping inclusions in the inner part. ln samples recording a more intense deformation, the garnet inclusions present an internai schstosity continuous with the external one, supporting the syn-kynematic growth of garnet (Zwart, 1960;[START_REF] Passchier | Microtectonics[END_REF].

Amphibole is the dominant phase showing normally a nematoblastic texture. ldioblasts are pleochroic shifting from pale yellow to moderate blue-green. They are in texturai equilibrium with garnet.

Clinozoisite is present as colourless elongated prisms parallel to the main schistosity. Modal quantities range between 20% and 40%, being generally subordinate to the amphibole. Clinozoisite is considered to be in texturai equilibrium with garnet and amphibole.

White mica has been observed in two samples (i.e. 98RR15a & 98RR16): rare crystals are dispersed in the matrix and concordant with the main schistosity. They do not show reaction rims with amphibole.

Quartz is typically a matrix interstitial phase, and rutile is the ubiquitous accessory phase.

Chlorite (pseudomorphing locally the garnet), albite and epidote represent rarely observed retrograde phases.

Blueschists

The blueschists (figure 1 B and 2) are glaucophane-bearing rocks, fine-to medium-grained, grey to bluish in colour. The schistosity is usually pervasive and porphyroblasts of garnet form characteristic dots (2-5 mm in size) on unweathered surfaces. The mineral assemblage is defined by amphibole + garnet +white mica+ epidote.

Garnet is present as highly fractured anhedral to subhedral grains often covered by a brownish alteration. Inclusions of epidote, titanite, rutile and white mica are abundant.

Amphibole occurs in two generations. To an earlier generation belong rare blue-green amphiboles, while the later generation refers to pale blue, slightly pleochroic, euhedral or sub-euhedral prisms. The blue amphibole usually rims the blue-green one, clearly indicating a retrograde overprint. Amphibole prisms define the main schistosity together with epidote and white mica.

Sub-euhedral colourless grains of epidote and Jess common porphyroblasts are characterised by a strong birefringence. They show texturai equilibrium with blue amphibole and white mica.

White mica lamellae are oriented accordingly to the main schistosity and isolated porphyroblasts show kink bands.

Quartz occurs as anhedral grains dispersed in the matrix or as inclusions in gamet.

Rutile, as main accessory phase, is commonly rimmed or replaced by titanite.

Retrograde phases are chlorite, in aggregates mainly pseudomorphing the gamet, calcite and albite, often associated in isolated domains and/or filling veinlets.

Timing of ductile deformation versus mineral growth

The observed main schistosity is related to a deformation event associated with the growth of the eclogite-facies minerais. ln the sample 98RR15a, a younger deformation phase, depicted by moderately tight folds, interests the eclogitic foliation without developing a new schistosity.

Whole-rock chemistry.

The following discussion on whole-rock chemistry is restricted to the major elements, because the aim Because garnet from the blueschists contains numerous small-sized inclusions, the zoning profile is less neatly displayed (fig. 8). The general trend (decreasing Sps and increasing Prp from core to rim)

and the end-member contents (about 12 mole% for pyrope and 60 mole% for almandine) are similar to those characterising garnet from the eclogites.

Clinopyroxene

Clinopyroxene analyses from the eclogites show an average content of jadeite end-member that varies from 29 to 39 mole%, while the average aegirine content ranges from 5 and 13 mole % (table 4) . Accordingly, they plot in the omphacite field (fig. 9) of the IMA classification [START_REF] Morimoto | [END_REF].

No distinct zoning has been found. A correlation between Jd content of the clinopyroxene and the Na 2 0 content of the bulk rock is observed, the highest Jd content being found in sample 98RR6, which displays the highest Na 2 0 content (4. 07 wt%, table 2).

The sampled blueschists do not show pyroxene, but one analysis of a relict omphacite in a glaucophane schist has been reported by Feininger (1980).

Amphiboles

Amphibole is a ubiquitous phase in the Raspas metabasites (tab. 1). Representative analyses of amphiboles are listed in table 5. The structural formulae of amphiboles are normalised to 23 oxygens.

Ferrous and terrie iron content is calculated following the procedure detailed by J. Schumacher in [START_REF] Leake | Nomenclature of amphiboles[END_REF]. ln most cases, a normalisation based on 13 cations gives satisfactory results for maximun terrie iron estimation. 

White mica

Five samples (four eclogites 98RR3, 98RR4, 98RR6 and 98RR16 and one blueschist 99RR27) displaywhite mica. White mica is phengitic muscovite, except in eclogite samples 98RR6 and 98RR16

where paragonite has also been found. Phengite shows a high Si content ranging from 6.56 to 6.84 atoms p.f.u. on the basis of 22 oxygens, and the Mg+ Fe (total) varies between 0.76 and 0.98 atoms p.f.u. (Tab. 6 and fig. 12). Small amounts of ferric iron might be present in the phengites (Guidotti, 1984;Spear, 1995), but we will assume that ali iron is ferrous because the analyses do not plot far from the ideal Tschermak substitution .

Paragonite lamellae have a Si content averaging around 6.17 atoms p.f.u. for sample 98RR16 and around 5.98 atoms p.f.u. for sample 98RR6. The Na content varies from 1.6 to 1.9 atoms p.f.u.

respectively (table 6). Paragonite and phengite cannot be distinguished on an optical basis, nor do they occur in specifie microstructural sites, suggesting that they occur in texturai equilibrium.

Epidote

The metabasites show different members of the epidote group (table 7). ln particular, the eclogites and the gamet-amphibolites contain clinozoisite with a pistacite content, calculated as Fe 3 . /(Fe 3 • + Al -2) (e.g. Brunsman et al., 2002), varying from 14 mol% to 45 mol% in the eclogites and gamet between 12 and 15 mol% in the gamet-amphibolites. ln the blueschists, epidote displays a greater substitution of Al by Fe 3 • than in the other metabasites, with a pistacite content equal to 55 mol%.

There is an obvious link between the pistacite content of the epidote and the bulk-rock chemistry, with lower pistacite contents in more magnesian rocks.

Other minerais

Chlorite commonly overgrows gamet, and it shows a magnesium-rich composition (XMg = 0.65-0.75).

Albite, in veins or pseudomorphing inclusions in gamet, has an anorthite content of 5 to 8 mol% and an orthoclase content of 0 to 1 mol%.

Geothermobarometry

Temperatures and pressures for samples of the Raspas metabasites were calculated from microprobe analyses. Calculations were made for ali the analysed samples using compositions of gamet, clinopyroxene, phengite and amphibole. The attainment of chemical equilibrium in eclogites and garnet-amphibolites is assumed because (i) there are no reaction products at the contact between the major, coarse-grained and foliation-defining phases, and (ii) the main phases show similar rim composition from grain to grain. Therefore, rim compositions were used for gamet, omphacite and amphibole.

Thermometry in ectogites

Garnet-clinopyroxene

The FeMg. 1 exchange between gamet and clinopyroxene (Banno, 1965 and1970) is of utmost importance in unravelling the eclogite-facies temperatures in mafic rocks. This exchange is based on the reaction 1 Diopside + 1 Almandine = 1 Hedenbergite + 1 Pyrope or, using the FeMg_ 1 exchange vector FeMg_ 1 (clinopyroxene) = FeMg_ 1 (gamet) where the equilibrium constant is ~ = (Fe/Mg)Grt 1 (Fe/Mg)cpx lt has soon been realised that the K! is temperature-dependant. For example, Banno (1965[START_REF] Banno | Classification of eclogites in terms of physical conditions of their origin[END_REF] has empirically established that the K! decreases with increasing temperature. ln order to calibrate the FeMg_ 1 exchange, experimental data have been performed in a large range of temperature as weil as pressure, and for different bulk-rock compositions [START_REF] Raheim | Experimental determination of the temperature and pressure dependance of the Fe-Mg partition coefficient for coexisting clinopyroxene and gamet[END_REF][START_REF] Mori | Laboratory duplication of phase equilibria observed in natural gamet lherzolites[END_REF][START_REF] Ellis | An experimental study of the effect of Ca upon garnet-clinopyroxene Fe-Mg exchange equilibria[END_REF][START_REF] Pattison | Reversed experimental calibration of the garnet-clinopyroxene Fe-Mg exchange thermometer[END_REF][START_REF] Green | Assessment of the garnet-clinopyroxene Fe-Mg exchange using new experimental data[END_REF][START_REF] Ai | Major and miner element systematics in the lherzolite system : a petrological and experimental study[END_REF]. Different versions of the geothermometer have thus been proposed based on an increasing set of experimental data (Raheim and Green, 197 4;[START_REF] Ellis | An experimental study of the effect of Ca upon garnet-clinopyroxene Fe-Mg exchange equilibria[END_REF][START_REF] Powell | Regression diagnostics and robust regression in geothermometer/geobarometer calibration: the gamet-clinopyroxene geothermometer revisited[END_REF][START_REF] Krogh | The garnet-clinopyroxene Fe-Mg geothermometer -a reinterpretation of existing experimental data[END_REF][START_REF] Ai | A revision of the gamet-clinopyroxene Fe 2 •-Mg exchange geothermometer[END_REF][START_REF] Berman | Reassessment of the gamet-clinopyroxene Fe-Mg exchange thermometer. tt. Thermodynamic analysis[END_REF]. Sorne versions also include a thermodynamic treatment of additional effects, not evaluated using experiments, like the effect of Mn [START_REF] Krogh Ravna | The garnet-clinopyroxene Fe 2 + -Mg exchange geothermometer: an updated version[END_REF].

Despite the progress in the experimental studies related to the partitioning of Fe 2 • and Mg, the ferrous/ferric iron estimation still represents the major source of potential over-or under-estimation in Fe-Mg thermometry [START_REF] Schumacher | Empirical ferric iron corrections: necessity, assumptions, and affects on selected geothermobarometers[END_REF][START_REF] Krogh Ravna | The garnet-clinopyroxene Fe 2 + -Mg exchange geothermometer: an updated version[END_REF]. ln the analysed samples, gamet is iron rich, with an almandine content higher than 50 mole%, in which case the temperature calculation is not affected significantly by the iron recalculation [START_REF] Krogh Ravna | The garnet-clinopyroxene Fe 2 + -Mg exchange geothermometer: an updated version[END_REF]. More problematic is the Fepoor omphacite observed in Raspas eclogites, where even small variations in the pyroxene analysis can be responsible for important variations in the ferrous/ferric ratio based on stoichiometry. An over estimation of ferrous iron in omphacites can give a lower K 0 value and thus higher calculated temperature.

Tables 8 and9 list the temperatures obtained at different reference pressures (15, 20 and 25 kbar) for four sam pies (98RR3, 98RR4, 98RR6 and 97CE1) using five different calibrations of the geothermometer. Results of the calculated temperatures vary considerably according to the different calibrations as weil as sam pies, having an averaged value of -580±50°C.

Variations due to the different calibrations of the thermometers can attain more than 100°C for the same garnet-clinopyroxene pair. The highest values are obtained with the Ellis and [START_REF] Ellis | An experimental study of the effect of Ca upon garnet-clinopyroxene Fe-Mg exchange equilibria[END_REF] and [START_REF] Powell | Regression diagnostics and robust regression in geothermometer/geobarometer calibration: the gamet-clinopyroxene geothermometer revisited[END_REF] formulations, while lower and similar temperatures are given by the [START_REF] Ai | A revision of the gamet-clinopyroxene Fe 2 •-Mg exchange geothermometer[END_REF] and [START_REF] Krogh Ravna | The garnet-clinopyroxene Fe 2 + -Mg exchange geothermometer: an updated version[END_REF] calibrations. This effect has been already noted.

The uncertainties in these values can be attributed to the estimation of the iron oxidation state. Among the four treated samples the 98RR3 and 98RR6 show a greater ferrous iron content yielding temperature of 662±53°C and 580±43°C respectively.

Garnet-phengite

The experimentally-calibrated FeMg. 1 exchange between garnet and phengite (Green and Hellman, 1982) can be applied in the phengite-bearing eclogites (i.e. samples 98RR4, 98RR6 and 98RR3). The equilibrium can be written 1/6 Pyrope + 1 Fe-phengite = 1/6 Almandine +1 Fe-phengite or, using the FeMg. 1 exchange vector FeMg.1 (garnet) = FeMg. 1 (phengite)

where the equilibrium constant is

~ = (Fe/Mg)Grt 1 (Fe/Mg)Phg
The ~ decreases with increasing temperature (Green and Hellman, 1982). Like for the gametclinopyroxene thermometer, a major source of uncertainty is due to the terrie iron estimation in white mica. Assuming ali iron as divalent, the calculated temperatures represent maximum values. An increasing amount of Fe 3 • in phengite will decrease its Fe 2 ./Mg ratio, hence increase the Kl value.

Application of this geothermometer in the phengite-bearing eclogites (table 1 0) show significant differences between samples . For example, at a nominal pressure of 20 kbar, average temperatures are 661, 617 and 708°C for samples 98RR4, 98RR6 and 98RR3, respectively. Average peak temperatures are thus -50-60°C higher than estimated with the garnet-clinopyroxene geothermometer. As for the gamet-clinopyroxene geothermometer, such differences between samples could be interpreted in severa! ways, namely:

-differences between peak temperatures attained by the three samples; -differences in terms of cooling history; -differences in terms of Fe 3 • content of the phengites.

Because the studied eclogites have been sampled in a restricted area, the first two hypotheses are considered unlikely. The third hypothesis is substantiated by a detailed examination of phengite chemistry (fig. 12).

Gamet-amphibole

The empirically-calibrated FeMg. 1 exchange between garnet and hornblende [START_REF] Graham | A garnet-homblende geothermometer: calibration, testing, and application to the Pelona Schist, Southern California[END_REF] X ferro-pargasite + 1/3 Prp = X pargasite + 1/3 Atm or, using the FeMg. 1 exchange vector FeMg. 1 (garnet) = FeMg. 1 (amphibole) has been tentatively used in the eclogites. Due to the uncertainty in ferric/ferrous iron estimation in amphiboles, calculations were made assuming total iron as ferrous, as done by [START_REF] Graham | A garnet-homblende geothermometer: calibration, testing, and application to the Pelona Schist, Southern California[END_REF].

The above authors indicate that the application of the thermometer to eclogitic garnet-amphibolites suggests that gamet and hornblende seldom attain Fe-Mg exchange equilibrium, potentially because amphibole has grown at the expense of gamet and omphacite during the retrograde history. This limitation should not prohibit the use of the exchange thermometer in the studied rocks, where amphibole coexists with gamet and ompacite. ln the Raspas eclogites, the calibration of the geothermometer by Graham and England (1984) and Perchuk (1991) yielded temperatures around 550-600°C and 500-520°C, respectively (table 11).

Lower temperatures are obtained with the second calibration, while the first one give results consistent with garnet-omphacite termometry in the same rocks.

Thermometry in garnet amphibolites.

The gamet-hornblende geothermometer [START_REF] Graham | A garnet-homblende geothermometer: calibration, testing, and application to the Pelona Schist, Southern California[END_REF]Perchuk, 1991) is the only method available for estimating the temperature in the garnet amphibolites (samples 99RR11, 99RR13, 99RR16 and 97 CE4a). The calculated temperatures (table 11) vary from 521 oc to 605°C using the calibration of [START_REF] Graham | A garnet-homblende geothermometer: calibration, testing, and application to the Pelona Schist, Southern California[END_REF] and from 463°C to 514°C using Perchuk (1991). As noted above, the temperatures calcuted with the formulation of [START_REF] Graham | A garnet-homblende geothermometer: calibration, testing, and application to the Pelona Schist, Southern California[END_REF] are about 100°C higher than those calculated using the formulation of Perchuk (1991 ). Taking into account the first calibratio only, estimated values for the garnet amphibolites are thus consistent with those obtained in the eclogites.

Barometry in eclogites.

The peak pressure is constrained by the following equilibria.

1. The stability of omphacite + quartz instead of albite is contolled by the equilibrium

1 Ab+ 1 Qtz = 1 Jd(Omp)
Because none of the samples investigated contain the buffering assemblage, the above equilibrium can be used for estimating a minimum pressure [START_REF] Holland | The reaction albite = jadeite + quartz determined experimentally in the range 600-1200°C[END_REF]. Taking into account the XJd ranging from 0.30 to 0.39 for omphacite, minimum pressure values of 13 -14 kbar are obtained at a nominal temperature of 600°C (table 12).

2. The lack of coesite or coesite pseudomorphs (i.e. polycristalline quartz with a palissade structure and radiating fractures as described by Chopin, 1984) especially in gamet or omphacite. When quartz Na 2 0-(MgO+FeO) (ACFN) projection (fig. 13) assuming excess quartz, muscovite and water (Spear, 1995).

The eclogites and the gamet-amphibolites represent an example of well-preserved metamorphic peak assemblages, while the blueschists testify to a retrograde evolution. The main stages of the metamorphic evolution are as follows.

Prograde stage

To the prograde history can be ascribed (i) a change in mineral assemblages during gamet growth and (ii) the gamet zonation.

Relies of the pre-metamorphic peak assemblages consist of (i) pseudomorphs derived from lawsonite found in only one sample (98RR4) and (ii) titanite instead of rutile. Gamet porphyroblasts from sample 98RR4 shows aggegates of epidote and titanite with a euhedral rhombic or square shape. The shape and nature of the aggregates suggest that they are pseudomorphs after lawsonite. Replacement of lawsonite porphyroblasts by epidote-mica aggregates in blueschist-facies or transitional blueschisteclogite rocks has been reported from various localities worldwide (e.g. [START_REF] Fry | On the significance of the eclogite facies in Alpine metamorphism[END_REF][START_REF] Felix | Pseudomorphoses à épidote s.l., paragonite, muscovite s.l., chlorite, albite... de porphyroblastes de lawsonite (?) dans les glaucophanoschistes de l'lie de Groix (Bretagne-France)[END_REF][START_REF] Bearth | Gesteins und Mineralparagenesen aus den Ophioliten von Zermatt[END_REF]Thurston, 1985;Bamicoat and Fry, 1986;Patrick and Evans, 1989;[START_REF] Castelli | Metamorphic veins with kyanite, zoisite and quartz in the Zhu-Jia-Chong eclogite, Dabie Shan, China[END_REF]. Less frequently are lawsonite pseudomorphs described as inclusions within gamets from eclogites [START_REF] Green | Eclogite and almandine-jadeite-quartz rock from the Guajira peninsula, Colombia, South America[END_REF][START_REF] Watson | Eclogite inclusions in kimberlite pipes at Gamet ridge, northeastem Arizona[END_REF][START_REF] Kushev | Zoisite as an indicator of coexistence of eclogite and rocks originally containing lawsonite[END_REF]. The lawsonitebreakdown reaction is not easily determined, because the pseudomorphs are clearly non-isochemical.

One potential reaction could be Lws + Jd(Omp) = Czo(Ep) + Pg + Qtz + H 2 0

The titanite inclusions in the pseudomorphs do not result from the lawsonite breakdown, but indicate that the early paragenesis consisted of lawsonite and titanite.

Another paragenetic change occuring during gamet growth is the transition from titanite (found in most samples as inclusions in gamet cores) to rutile, observed both as inclusion in gamet rims and as a matrix phase. This transition is probably controlled by the equilibrium 2 Czo(Ep) + 5 Ttn = 3 Grs(Grt) + 5 Rt + 2 Qtz + H 2 0 lts potential importance in geobarometry [START_REF] Manning | The reaction titanite + kyanite = anorthite + rutile and titanite-rutile barometry in eclogites[END_REF] is due to its near-horizontal slope in a P-T diagram, with grossular-rutile-quartz-vapour on the high pressure side of the curve. The transition from titanite to rutile thus records an increasing pressure during gamet growth. Another potential reaction involving the titanite-rutile transition is 3 Lws + Ttn = 2 Czo(Ep) + Rt + Qtz + H 2 0 (e.g. [START_REF] Frost | Sphene (titanite): phase relations and role as a geochronometer[END_REF]. same sample, supporting, hence, the hypothesis of coexistence in the eclogite facies for the two amphiboles in the Raspas gamet-amphibolites.

Glaucophane is an amphibole generally found to be involved in subduction zone complexes [START_REF] Evans | Blueschists and eclogites[END_REF]; blocks from the Franciscan and Sulawesi [START_REF] Parkinson | The petrology, structure and geologie history of the metamorphic rocks of Central Sulawesi, lndonesia[END_REF][START_REF] Miyazaki | Pressure-temperature conditions and retrograde paths of eclogites, garnet-glaucophane rocks and schists from South Sulawesi, lndonesia[END_REF] are distinctive in having zoned amphiboles with Ca-rich cores and Na-rich rims. On the contrary, Alpine occurrences have commonly a reverse type of zonation [START_REF] Reynard | Coexisting amphiboles in an eclogite from the Western Alps: new constraints on the miscibility gap between sadie and calcic amphiboles[END_REF], stating the transition from the eclogite facies to the high-T blueschist facies [START_REF] Pognante | Petrological constraints on the eclogite-and blueschist-facies metamorphism and P-T-t paths in the Western Alps[END_REF] with glaucophane +gamet+ epidote stable without lawsonite [START_REF] Evans | Phase relations of epidote blueschists[END_REF]. [START_REF] Pognante | Petrological constraints on the eclogite-and blueschist-facies metamorphism and P-T-t paths in the Western Alps[END_REF] suggested that the eclogite-blueschist transition is mainly govemed by decreasing temperature (see also [START_REF] Ridley | Evidence of a temperature-dependent blueschist to eclogite transformation in highpressure metamorphism of metabasic rocks[END_REF] and/or by fluid and bulk compositions. Accordingly, the absence, for the gamet-amphibolites, of a retrograde blueschist-facies paragenesis can be partially related to their significant variation in the bulk-rock chemistry, being Mg-and Ca-richer than the eclogites.

7 Conclusions

Field relations together with microstructural and petrological study of the Raspas metabasites let us define three main lithologies, namely eclogites, garnet-amphibolites and blueschists, associated to the eclogitic metapelites to be described in the next chapter. The bulk-rock chemistry indicates different protholiths for the eclogites and the gamet-amphibolites. On the contrary, the observed parageneses indicate that they experienced the same P-T conditions. The assemblage gamet + omphacite + barroisite + clinozoisite + rutile ± phengite and quartz characterise the metamorphic peak in the eclogites, wh ile the gamet-amphibolites, in the same P-T conditions, never show sodic-pyroxene.

Several geo-thermobarometers have been applied to quantify pressure and temperature for the observed assemblages stable at peak conditions . Temperatures gave averaged values of -580°±50°C while the pressure values yielded by the Raspas eclogites average around 18kbar. Pseudomorphous aggregates of clinozoisite/epidote included in eclogite garnet porphyroblasts suggest the former presence of lawsonite. Thus a prograde stage in the evolution of the Raspas metabasites could be represented by a transition from the lawsonite-bearing blueschist-facies to the eclogite-facies. The blueschists, characterised by the assemblage gamet + glaucophane + epidote, show a bulk-rock composition very close to the eclogitic one, and present glaucophane as rims around barroisite or replacing omphacite. These characteristics are consistent with a retrograde stage of the eclogites recording the transition from the eclogite-facies to the high-T blueschist-facies.

The proposed P-T path is consistent with fast subduction rates [START_REF] Bucher | Petrogenesis of metamorphic rocks[END_REF] and depict for the eclogitic metabasites a decompression associated with a rapid decrease in temperature. The observed decrease in temperature following peak pressure conditions provides severe constraints on the exhumation mechanism of the eclogite-facies rocks, because it means that a low geothermal gradient remained stable during exhumation. Such a process is consistent with an active margin setting where subduction of relatively cold oceanic crust continues below the accreted material during its exhumation, and/or that the exhumation rate, whatever its mechanism, is much faster than the thermal relaxation of the thickened crust. A fast exhumation rate would explain the excellent preservation of the high-pressure parageneses. Representative microprobe analyses and structural formulae of white micas from the Raspas metabasites. Ali iron is assumed to be divalent.

Table 7. Representative microprobe analyses and structural formulae of epidote from the Raspas metabasites.

Table 8. Geothermometric calculations for the Raspas eclogites based on the FeMg_ 1 exchange between garnet and clinopyroxene, following the formulations of Ellis & Grren (1979), [START_REF] Powell | Regression diagnostics and robust regression in geothermometer/geobarometer calibration: the gamet-clinopyroxene geothermometer revisited[END_REF] and [START_REF] Krogh | The garnet-clinopyroxene Fe-Mg geothermometer -a reinterpretation of existing experimental data[END_REF].

Table 9. Geothermometric calculations for the Raspas eclogites based on the FeMg_ 1 exchange between garnet and clinopyroxene, following the formulations of [START_REF] Ai | A revision of the gamet-clinopyroxene Fe 2 •-Mg exchange geothermometer[END_REF] [START_REF] Krogh Ravna | The garnet-clinopyroxene Fe 2 + -Mg exchange geothermometer: an updated version[END_REF].

Table 10. Geothermometric calculations for the Raspas eclogites based on the FeMg_ 1 exchange between garnet and phengite, following the formulation of Green & Hellman (1982). (1984) and Perchuk (1991).

Table 12. Minimum pressure estimate for the Raspas eclogites based on the reaction albite = jadeite + quartz [START_REF] Holland | The reaction albite = jadeite + quartz determined experimentally in the range 600-1200°C[END_REF].

Table 13. Geobarometric calculations for the Raspas eclogites based on the garnet-clinopyroxenephengite equilibrium after Waters & Martin (1993). Zhang et al. (1995;obtained by the GEO-CALC program, Berman, 1988). The (approximate) boundaries of the metamorphic facies are from Spear (1995). (Perchuk, 1991 ;[START_REF] Graham | A garnet-homblende geothermometer: calibration, testing, and application to the Pelona Schist, Southern California[END_REF] ----------------------------------------- )t::
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Jd + Ky + H20 = Pg (Holland, 1979) Jd50 +Ky+ H20 = Pg (Holland, 1979) Jd + Qtz =Ab [START_REF] Holland | The reaction albite = jadeite + quartz determined experimentally in the range 600-1200°C[END_REF] Jd50 + Qtz =Ab (Holland, 1983) Cee = Qtz (Chopin, 1984) 700 The purpose of this chapter is to document the reaction his tory and P-T conditions of wellpreserved occurrences of garnet-chloritoid-kyanite metapelites of the Raspas Complex (see chapters 1 and 2). Because this paragenesis is a rare eclogite-facies assemblage, it can be considered as a key for the determination of high-pressure conditions in pelitic systems.

Petrography

The studied pelitic schists have been sampled in the northern part of the Raspas formation.

The best outcrops are located in the "Rio Raspas", where the trail coming from "La Chilca" village crosses the brook (see the annexed geological map; UTM-WGS84: 17 1 620500E-96021 OON).

The metapelites (Table 1) are medium-to coarse-grained graphite-bearing schists, with conspicuous crystals of garnet up to 1 cm in diameter. Most gamet grains are blackish rather than reddish, either because they contain abundant graphite inclusions or because they are partially to wholly replaced by a fine-grained aggregate consisting of chloritoid and quartz.

Texturai observations show an early, synkinematic, stage of mineral growth, followed by postkinematic growth (Fig. 2). While syn-kinematic phengite clearly defines the main schistosity, the relation between graphite growth and deformation is more ambiguous. The graphite occurs mainly as an internai schistosity in garnet porphyroblasts (Fig. 3a) or as rootless isoclinal folds (in microlithons)

having an axial plane sub-parallel to the main schistosity. This observation is consistent with the existence of severa! generations of structures (e.g. the graphite-bearing schistosity preserved within gamet or microlithons) developed before the main schistosity (i.e. the schistosity defined by shapepreferred orientation of phengite).

The white mica defines the main schistosity (i.e. the extemal schistosity) which corresponds in the field to the regional schistosity (Figs. 3 and4). ldioblastic or sub-idioblastic phengite is usually concentrated in millimetre-thick layers alternating with quartz-rich, granoblastic layers. Sorne white mica aggregates are oblique to the main schistosity, and define microlithons which include rootless isoclinal folds defined by graphite-rich layers.

Garnet poikiloblasts contain inclusions of quartz, kyanite, chloritoid, graphite and rutile (Table 1). The poikiloblasts can show an internai schistosity (Si) mainly defined by minute graphite inclusions and small chloritoids (Figs. 3 and4). The presence of sigmoidal structures in porphyroblasts and the continuity of internai (Si) and external (Se) schistosity (i.e. the main schistosity) (Zwart, 1960) indicate that garnet growth was pre-to-synkinematic with respect to the main schistosity (i.e. Se) (Figs. 2, 3 and 4). Garnet microstructures are strikingly similar to those described by [START_REF] Stockhert | Law differentiai stress during high-pressure metamorphism: The microstructural record of a metapelite from the Eclogite Zone, Tauern Window, Eastern Alps[END_REF].

Three different generations of chloritoid are identified (Fig . 4), namely (1) relict xenoblastic crystals included in the garnet; (2) xenoblastic to sub-idioblastic crystals dispersed in the matrix and aligned along the main schistosity; and (3) idioblastic chloritoid randomly oriented across the schistosity or pseudomorphing garnet. ln most samples of kyanite-bearing schists, garnet is replaced by very fine-grained aggregates of randomly-oriented chloritoid associated with minute quartz grains (Fig. 3b). ln kyanite-free samples, garnet is replaced by chlorite-chloritoid aggregates. Chlorite is present as idioblastic synkinematic crystals or as secondary minerais in pseudomorphic aggregates after garnet and/or chloritoid (Table 1, Fig. 2). Kyanite is observed as inclusions defining the internai schistosity (Si) in the gamet and in the matrix (Table 1, Figs. 2, 3 and 4). lt often shows a reaction rim consisting of chlorite and white mica, and also a pseudomorphic replacement by chloritoid and white mica. Graphite is mainly found in the grains whose growth began before the development of the main schistosity (Table1 ). Therefore, graphite was possibly exhausted during the prograde metamorphic history, before or close to the peak P-T conditions (Fig. 3) . Rutile is present in ali studied samples.

Titanite is only found in sample 98RR1 0 as inclusions in garnet cores and is substituted by rutile in garnet rims and in the matrix.

To sum up, the metapelites from the Raspas Complex always contain quartz +white mica + rutile. Three synkinematic parageneses are distinguished, namely Grt+Cid+Ky, Grt+Cid and Grt+Chl.

Late kinematic phases include replacement of garnet and kyanite by chloritoid-quartz aggregates in the kyanite-bearing samples, and garnet replacement by chloritoid-chlorite aggregates in the kyanitefree samples.

Whole-rock chemistry

Whole-rock chemical analyses (Table 2) show that the metapelites have aluminium-rich and iron-rich compositions. ln an AFM projection (Fig. 5), the analysed samples define three groups according to their parageneses. Grt+Chl samples are aluminium-poor compared to Grt+Cid+Ky and Grt+Cid samples. The latter are distinguished by their magnesium content, the Grt+Cid samples being more magnesium-rich than the Grt+Cid+Ky ones. The main variations in composition are due to the aluminium content, whereas a minor impact is related to the iron-magnesium ratio. This variation in the bulk rock chemistry suggests that the three different parageneses characterising the Raspas Complex metapelites are due to differences in the protolith composition rather than metamorphic conditions.

Rare-earth element patterns of the garnet-chloritoid metapelites are similar to those of average pelites, indicating a continental source for the detrital material (Arculus et al., 1999; Bosch et al., 2001 ).

Mineral chemistry

The chemical composition of white mica, gamet, chloritoid and chlorite were determined at the University of Lausanne, Switzerland, using the wavelength dispersive electron microprobe (CAMECA SX50). Complementary analyses have been performed with the Microsonde Ouest (Brest, France). ln both cases, operating conditions were : 15kV accelerating voltage and 15 nA sample current, after a calibration on natural mineral standards. Both simple point determinations and/or zoning profiles were obtained.

Garnet is characterised by a high almandine end-member content, averaging around 65 mol% (Table 3, Fig . 6). The zoning profile (Fig. 6b) shows a decreasing spessartine content and an growing at the expense of gamet or chloritoid (Table 5).

White mica is phengitic muscovite, except in sample 97Ce3 where paragonite has also been found. Phengite displays a relatively high Si content (from 6.30 to 6.72 atoms p.f.u on the basis of 22 oxygen) and the Mg+Fe(tot) content varies between 0.35 and 1.08 atoms p.f.u. (Table 6 and Fig. 7).

Ali the studied samples, except 98RR1 0, are graphite-bearing meta petites, suggesting that relatively low f0 2 conditions prevailed during most of the prograde history. Accordingly we assume that ali iron is divalent (Guidotti, 1984). ln addition, analyses of phengite from graphite-bearing samples plot close to the ideal Tschermak substitution, suggesting that a negligible amount of ferric iron is present (Guidotti, 1984;Spear, 1995). If graphite is lacking (sample 98RR10), the analyses plot significantly above the ideal substitution (Fig. 7), indicating that a significant amount of ferric iron is present. The Si content is higher in chloritoid-free samples (Si = 6.45-6.60 pfu) compared to chloritoid-bearing samples (Si = 6.35-6.45 pfu). Phengite grains are sometimes slightly zoned, with decreasing Si-content from core to ri m.

Reaction history of the Raspas metapelites

Mineral assemblages and compositions from the Raspas micaschists are shawn in an AI 2 03-Fe0-Mg0 (AFM) projection assuming excess quartz, muscovite and water [START_REF] Thompson | The graphical analysis of mineral assemblages in pelitic schists[END_REF] (Figs 8

and 9). Phase relations between observed phases are best illustrated in the SiOrA1 2 0 3 -Fe0-MgO-K20-H20 (KFMASH) system (Fig. 1 0). Few topologies are possible in this multisystem, due to numerous experimental data in the limiting FASH system [START_REF] Rao | Further data on the stability of staurolite + quartz and related assemblages[END_REF]. Theoretical and calculated grids show two alternatives, whether staurolite is more magnesium-rich than coexisting garnet (Harte & Hudson, 1979; Spear, 1999) or garnet is more magnesium-rich than coexisting staurolite (Chopin, 1984; Ballèvre et al., 1989; Powell & Holland, 1990). Empirical (e.g. [START_REF] Harte | Pelite facies series and pressures of Dalradian metamorphism in E-Scotland . in "The Caledonides of the British Isles; Reviewed[END_REF][START_REF] Vuichard | Garnet-chloritoid equilibria in eclogitic pelitic rocks from the Sesia zone (Western Alps): their bearing on phase relations in high pressure metapelites[END_REF][START_REF] Ballèvre | Reversai of Fe-Mg partinioning between gamet and staurolite in eclogite-facies metapelites from the Champtoceaux Nappe (Britanny, France)[END_REF] as weil as calculated KFMASH (e.g.

Powell & Holland, 1990; Powell et al., 1998; Spear, 1999) grids show that the assemblage garnetchloritoid-kyanite is stable within a narrow temperature range at high pressure.

Possible P-T paths in the KFMASH system

Possible P-T paths for the Raspas metapelites will be discussed first in the model KFMASH system (Fig. 10). According to the KFMASH grids calculated by Powell & [START_REF] Powell | Calculated mineral equilibria in the pelite system, KFMASH (K 2 0-Fe0-Mg0-AI203-Si0z-H20)[END_REF] 

Possible P•T paths in the KFMnMASH system

The madel KFMASH system needs sorne refinement, for two main reasons. First, because of the presence of graphite, the activity of H 2 0 in the fluid phase is expected to be slightly lower than 1, Although potentially significant, the effect of MnO is considered as minor in the Raspas metapelites because of the observed mineral compositions: the spessartine content in gamet rims does not exceed 1.1 mole percent (Table 3 and Fig. 6), and the ~nin chloritoid is equal or lower to 0.01 (Table 4).

Estimation of peak P•T conditions

Few geothermobarometers can be applied in the Raspas metapelites (Table 7). The FeMg. 1 exchange between gamet and phengite is an experimentally-calibrated thermometer (Green & Hellman, 1982). Application of this thermometer in rocks is limited by the problem of determination of the ferric iron in phengite. ln the studied samples, this is not considered as a serious limitation, because the presence of graphite suggests low oxidation conditions. Results of calculations in three samples (Table 7) indicate temperatures for the peak metamorphism of the order of 620-650°C at a nominal pressure of 15kbar. Because of the assumption that ali the iron is divalent, the calculated temperatures represent maximum values. Assuming 10% of the iron is ferric, the estimated temperatures decrease by 5-10°C, an amount smaller than the uncertainty associated to the calibration itself. The empirically-calibrated Fe-Mg. 1 exchange between garnet and chlorite [START_REF] Dickenson | A garnet-chlorite geothermometer[END_REF], modified in Laird, 1988;[START_REF] Grambling | lnternally-consistent geothermobarometry and H 2 0 barometry in metamorphic rocks: the example garnet-chlorite-quartz[END_REF]Perchuk, 1991) give temperatures of 580-6200C for samples 98RR10 and 97Ce3 (Table 7). As a whole, the garnet-phengite thermometer gives temperatures 0-50°C higher than the garnet-chlorite thermometer. The chloritoid-chlorite geothermometer (Vidal et al., 1999) can be used for the retrograde assemblages in the kyanite-absent samples. The temperatures calculated are much higher than expected, possibly because of disequilibrium.

Although pressure estimates are difficult, maximum values are indicated by the stability of paragonite, which is defined by the reaction Pg = Jd + Ky at approximately 25 kbar (Holland, 1979a).

Experimental data on the assemblage Alm-Ky-Phe in the KFASH system [START_REF] Massonne | Thermodynamic properties of white micas on the basis of high pressure experiments in the systems K 2 0-MgO-AI 2 03-SiOz-H20 and K20-FeO-AI203-Si02-HzO[END_REF] indicates pressures of the order of 20 kbar (at 600°C). The uncertainty associated to this estimation is probably quite large, because a minor variation along the SiMgAL 2 exchange is accompanied by a significant change in pressure.

A phase diagram approach has been used for garnet-chloritoid-kyanite parageneses by [START_REF] Konopasek | Eclogitic micaschists in the central part of the Krusne hory Mountains (Bohemian Massif)[END_REF], who has calculated the topology of the KFMASH system using the Vertex software [START_REF] Connolly | Multivariable phase diagrams: an algorithm based on genralized thermodynamics[END_REF]. According to his calculations, peak P-T conditions in sample 97Ce5 would be at about 15 kbar, 580°C.

As a whole, conventional as weil as multiequilibrium thermobarometry suggest P-T conditions of the order of 20 ± 5 kbar, 550 ± 50 oc. The temperature value is far better constrained than the pressure value. The temperatures obtained using the H 2 0-independant exchange reactions are not significantly lower than those predicted by the KFMASH grid, showing that the uncertainties associated to the minor components are negligible or, at best, smaller than the uncertainties associated to the calculation procedures used for P-T estimations. The P-T values reported in this study for the Raspas Complex are not very different from those calculated by Feininger (1980), i.e. 13

± 3 kbar at 580 ± 20°C but are significantly higher than those proposed by Duque (1993), i.e. 9 ± 0.5 kbar and 460 ± 30°C. Duque (1993) used the equilibrium garnet-plagioclase-kyanite-quartz in the metapelites and plagioclase-omphacite-quartz in the metabasites for estimating peak pressures, assuming that plagioclase was in equilibrium with the other minerais. Because plagioclase is lacking in both the metapelites and the eclogites, and because plagioclase is a late, retrograde phase in the blueschists (Feininger, 1980), Duque's estimations are to be considered as minimum pressures for the eclogite-facies event.

Discussion

Metapelitic rocks are sensitive recorders of P-T paths in high-pressure terranes. To a first approximation, the KFMASH grid as calculated by [START_REF] Powell | Calculated mineral equilibria in the pelite system, KFMASH (K 2 0-Fe0-Mg0-AI203-Si0z-H20)[END_REF] is a primary tool for describing the P-T paths (Fig. 10). Although minor departures from the KFMASH grid can be expected due to incorporation of MnO and CaO into garnet and the effect of variable water and oxygen fugacities, three main types of assemblages are recorded, briefly described below in order of increasing peak temperatures.

At relatively low temperatures, the Grt-Cid-Chl assemblage is stable. As recorded in numerous blueschist-facies terranes, for example in the Seward Peninsula, Alaska (Thurston, 1985;Patrick & Evans, 1989), New Caledonia (Ghent et al., 1987), the western Alps [START_REF] Vuichard | Garnet-chloritoid equilibria in eclogitic pelitic rocks from the Sesia zone (Western Alps): their bearing on phase relations in high pressure metapelites[END_REF] and the Variscan belt [START_REF] Guiraud | Evidence for a Variscan suture zone in the Vendée, France: a petrological study of blueschist facies rocks from Bois de Cené[END_REF][START_REF] Bosse | Ductile thrusting recorded by the gamet isograd in the blueschist-facies metapelites from the lie de Groix (Armorican Massif, France)[END_REF]. Garnet-chloritoid metapelites are generally associated with gamet-bearing blueschists and low-temperature, glaucophane-bearing, eclogites.

Because the divariant reaction Cid = Grt + Ky has not been attained, kyanite is lacking in the garnetchloritoid metapelites.

At slightly higher temperatures, the divariant reaction Cid = Grt + Ky allows kyanite to develop in the most iron-rich bulk-rock compositions. Four occurrences of Grt-Cid-Ky micaschists are known to the authors, namely the Raspas Complex (Feininger, 1980; this study), the Sesia zone, western Alps (Pognante et al., 1980; Vuichard & Ballèvre, 1988), the Tauern window, eastern Alps (Miller, 1986; Spear & Franz, 1986; Stôckhert et al., 1997) and the Bohemian Massif [START_REF] Konopasek | Eclogitic micaschists in the central part of the Krusne hory Mountains (Bohemian Massif)[END_REF]. ln these four occurrences, garnet-chloritoid-kyanite micaschists are associated with garnet-omphaciteamphibole eclogites, the amphibole being a glaucophane and/or a barroisite, or a barroisite rimmed by glaucophane [START_REF] Koons | An investigation of experimental and natural high-pressure assembalges from the Sesia Zone, Western Alps, ltaly[END_REF]. The P-T estimates in these areas are at about 15-20 kbar, 550±50 oc in the Sesia Zone (e.g. [START_REF] Tropper | Application of K-feldspar-jadeite-quartz barometry to eclogite facies metagranites and metapelites in the Sesia Lanza Zone (Western Alps, ltaly)[END_REF], 20 kbar, 600±20°C in the Tauern Window (Holland, 1979b).

Chloritoid-quartz aggregates replacing gamet and kyanite, basically indicating decreasing temperatures during decompression, have been reported in the Sesia Zone, western Alps [START_REF] Ballèvre | Reversai of Fe-Mg partinioning between gamet and staurolite in eclogite-facies metapelites from the Champtoceaux Nappe (Britanny, France)[END_REF] and the Raspas Complex.

At still higher temperatures, Grt-Cid-Ky was a stable assemblage during part of the prograde, up-temperature, history, but the chloritoid stability was exceeded resulting in Grt-Ky, Grt-Chi-Ky or Grt-Tic-Ky assemblages. Chloritoid is thus found only as inclusions in gamet cores. Examples include the ultra-high pressure Dora-Ma ira massif in the western Alps (Chopin, 1984;Compagnoni et al., 1995;[START_REF] Simon | Near-end-member magnesiochloritoid in prograde-zoned pyrope, Dora-Maira massif, western Alps[END_REF]Compagnoni & Hirajima, 2001 ), the high-pressure Champtoceaux Complex in the Variscan belt [START_REF] Ballèvre | Reversai of Fe-Mg partinioning between gamet and staurolite in eclogite-facies metapelites from the Champtoceaux Nappe (Britanny, France)[END_REF][START_REF] Ballèvre | Zonation du métamorphisme éclogitique dans la nappe de Champtoceaux (Massif armoricain, France)[END_REF][START_REF] Bosse | Late Devonian subduction and early-orogenic exhumation of eclogite-facies rocks from the Champtoceaux Complex (Variscan belt, France)[END_REF] and the Adula Nappe in the central Alps [START_REF] Meyre | Petrology of high-pressure metapelites from the Adula Nappe (Central Alps, Switzerland)[END_REF]. Associated eclogites are characterized by barroisitic amphiboles, glaucophane being restricted to highly sodic and magnesian bulk-rock compositions (Kiénast et al., 1991 ).

Table captions

Table 1. Mineral assemblages of the analysed samples. Abbreviations follow Kretz (1983), except W.M. (white mica).

Table 2. Whole-rock chemistry of metapelites from the Raspas Complex.

Table 3. Representative electron microprobe analyses and structural formulae of gamet. Table 5. Representative electron microprobe analyses and structural formulae of chlorite. Ali iron is assumed to be divalent.

Table 6. Representative electron microprobe analyses and structural formulae of white micas. Ali iron is assumed to be divalent.

Table 7. Summary of geothermometric calculations at a nominal pressure of 15 kbar. Accordingly, the join garnet-chloritoid is shown as dashed lines. Kretz (1983); in addition W.M., white mica; (x),pseudomorph; 1, inclusion in Grt; Il, synkinematic;

Figure captions

Ill, post-kinematic (Ilia : pseudomorph of Grt ; lllb : porphyroblasts randomly oriented across the main schistosity). • -----------------~~~--~------------------------------------------------------------------------~~--------~ Kretz (1983); in addition Phe, phengite; * Cid and Chi are post-kinematic (generation Ill). Grossular 1.2.-------------------------------------------------------------------------------------. 
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RASPAS COMPLEX

Note: for the cited references refer to Chapter 1.

Geology, petrology and geochemistry of the Raspas Complex

High-pressure metamorphic rocks are currently regarded as an essential characteristic of convergent plate boundaries. Accordingly, the Andean Range along the western side of South America is a typical example of an active margin tectonic setting. The peculiarity of the Raspas Complex geology led this study to focus on the tectono-metamorphic evolution of the high-pressure terranes in SW Ecuador. ln tact the Raspas Complex contains one of the few eclogitic bodies in the northem Andes and is located on the western side of the Andean chain in an active margin context. The scarcity of the occurrence of eclogites and blueschists in such a geological context led to identify the El Oro province as a key area to obtain new and important insights into the Andean geodynamic and the exhumation processes.

Contributions by field geology

The present study has been based on geological field work, the results of which are reported in the annexed geological map. The main results obtained from field investigations can be shortly listed as follows.

-The re-definition of the "Raspas Complex" as an independant tectono-metamorphic unit comprising the Raspas and El Toro formations. These formations are mainly characterised by metapelites/metabasites and metaperidotites, respectively. Bath formations show metamorphic peak conditions in the eclogite facies (refer to chapters 3, 4 and 5). Radiometrie ages on phengites average a round 127 Ma (Feininger, 1980;and this work, chapter 1) (figure 1 ).

-The definition of a tectono-metamorphic blueschist-facies terrane, named the Arenillas-Panupali unit, located between the Raspas Complex to the north and the Piedras amphibolites to the South (refer to chapter 1 ). This unit is made of blueschists recording an intense greenschist-facies overprint, and by greenschist-facies metabasites together with variable amounts of quartz-micaschists. Radiometrie dating on amphiboles in metagabbros yielded an integrated age of 225 Ma (chapter 1) (figure 1 ).

-The definition of the Piedras Amphibolites as an independent tectono-metamorphic unit characterised by massive amphibolites. The mineral assemblages are consistent with a metamorphic peak in amphibolite-facies conditions, followed by a moderate greenschist-facies overprint. A mylonitic contact developed during amphibolite-facies conditions separates the Piedras Amphibolites from the Tahuin Group continental rocks. New radiometrie ages on hornblende, varying around 226 Ma, let to consider this unit (and also the Arenillas-Panupali) as the remnant of a pre-Jurassic oceanic subduction.

-The identification of the La Palma-El Guayabo shear zone as a main regional, E-W striking, shear zone, representing the northern boundary of the Raspas Complex.

-The Biron terrane and the Tahuin Group, which represent the northern and southem continental blacks bounding the Raspas Complex, respectively, have been re-interpreted as follows.

ln the sector close to the La Palma-El Guayabo shear zone, the Biron terrane is essentially made of migmatites, with a large body of amphibolites. The entire sequence is limited towards the north by a mylonitic shear zone, beyond which an abrupt change to very low-to law-grade rocks is observed (refer to chapter 1 ). The fact that this high-grade metamorphic rocks, with radiometrie ages indicating a reset around 75 Ma (Feininger and Silbermann, 1982 unpublished data, persona! communication of Feininger; this work; chapter 1 ), crop out between two shear zones leads to relate their evolution to the final stages of the Raspas Complex exhumation history (figures 1 and 2).

The Tahuin Group rocks (schists, phytlites, quartzites, gneiss etc.) are characterised by an increasing metamorphic grade in a section from south to north, ranging from very-law to high grade. Such conditions are consistent with a deepening of the crustal sequence and let to interpret the T ahuin group as a tilted black of thinned continental crust (refer to chapter 1 ). ln particular the sequence can be interpreted as part of the Late-Palaeozoic/Early-Mesozoic South American continental margin.

Taking into account the published radiometrie ages for the Tahuin rocks (averaging around 210 Ma) (Aspden et al., 1995), the tilting event is supposed to be not younger than Late Triassic and thus not related to the Raspas Complex exhumation (figure 2). Because of the metamorphic grade observed for the mylonites bounding the Piedras amphibolites and the Tahuin Group, it is likely that the Piedras amphibolites were already underplated beneath the continental crust sequence before the tilting event.

.2 Contributions by petrology and geochemistry

The geochemical study of the high pressure mafic rocks of the Raspas formation revealed a geochemical signature that let to envisage oceanic plateau affinities (refer to chapter 2). ln contrast, the Arenillas-Panupali and Piedras metabasites show N-MORB affinities (refer to chapter 2). The geochemical signature of the high-pressure metaperidotites belonging to the El Toro formation strongly resembles that of moderately depleted mantle peridotites (refer to chapter 3).

Mineral assemblages and microtextures of the El Toro formation rocks allowed to define a main body of metaperidotites with pyroxenite layers (now diopside-amphibole-chlorite-rich bands). A subordinate ultramafic banded intrusion is composed of olivine rich bands alternating with amphibole-diopsidechlorite bands. Basic dykes crosscut the ultramafic body. The metamorphic evotution of the El Toro ultramafic unit can be synthesised in two main phases: the former is related to re-crystallisation during mantle decompression with temperature decrease until oceanic metamorphism conditions. The The third category of mechanisms involves extensional tectonics. Convergent orogens are treated as a wedge-shaped body, or Coulomb wedge, of deformed material formed at the interface between a subducting plate and an hanging-wall buttress [START_REF] Chapple | Mechanics of thin-skinned fold-and-thrust belts[END_REF][START_REF] Davis | Mechanics of fold-and-thrust belts and accretionary wedges[END_REF][START_REF] Dahlen | Noncohesive critical Coulomb wedges: an exact solution[END_REF]. The principal ways of material addition to the wedge are by i) frontal accretion of incoming material; ii) underplating of material beneath the wedge and accreted to its underside; iii) sedimentation on the top.

Equations goveming the wedge rheology indicate that the combination of underplating and sedimentation (on the rear of the wedge) can lead the longitudinal deviatoric normal compressional stress to become tensional, allowing the wedge to extend. This provides a mechanism by means of which rocks can be burried into the deepest part of the system, and then retum to the surface (Piatt,

1986).

Lithospheric extension in collisional orogens may contribute to the exhumation of high-pressure metamorphic rocks [START_REF] Dewey | Extensional collapse of orogens[END_REF], and it may occur even though plate motions external to the system remain convergent.

A "two step" model: discussion on the exhumation of the Raspas Complex

The new geological and petrological data provided by this study have been integrated with the regional geological knowledge (refer to chapter 1) and the geodynamic framework in arder to propose an exhumation madel for the Raspas Complex consistent with most of the available data. Among the considered hypotheses, the one assumed by the author as the most likely will be discussed later on.

Previously, the main points supporting the preferred madel are summarised as follows.

• The Raspas Complex eclogites represent one of the three cretaceous HP rock associations described in South America (Maruyama et al., 1996}.

• The main regional structures observed in the Raspas Complex area show a general E-W strike, clearly anomalous when compared to the roughly N-S trend of the Andean belt. ln fact the Raspas Complex is located in a particular area (i.e. the Amotape-Tahuin massif, assumed to be a displaced terra ne; refer to General Introduction and Chapter 1 ), and represents the link between the Andes of Ecuador and Colombia (NNE-SSW striking) and the Peruvian Central Andes (NW-SE striking).

• The Raspas Complex, together with the Arenillas-Panupali Unit, are today limited by two continental blocks: the Bir6n Terrane to the north (yielding average radiometrie ages around 75 Ma) and the Tahuin Group to the south (refer to § 1.4.3). The latter represents a tilted sequence of thinned continental crust with, at the base, the underplated metabasalts of the pre-Jurassic Piedras-Amphibolites unit. Bath units yielded radiometrie ages varying from 210 to 220 Ma (refer to § 1.5).
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  northern and central Andes: the geodynamic context.1.2. 1 Geodynamic evolution from Late Palaeozoic to Late Eocene 1.2.2 The evolution of the Cretaceous Ce/ica-Lancones forearc basin 1.3 The geology of the El Oro Province: an overview .. 1.3.1 Geography 1.3.2 Geology . 1.4 Field investigations: the Raspas Complex and the surrounding geological framework 1.4. 1 Pre/iminary notes . 1.4. 2 Geology of the Raspas Complex .. 1.4.3 Geology of the units surrounding the Raspas Complex1

  integrated the El Oro geology in a more wide geodynamic context related to the Huancabamba deflection, between the Ecuadorian and Peruvian Andes, defining an exotic allochtonous block named the Amotape-Tahuin terrane that includes the El Oro metamorphic rocks. New ideas arase from the extensive work in Ecuador by the British Geological Survey: Aspden et al. (1995) proposed for the El Oro Metamorphic Complex {the new name introduced by the same authors to indicate the El Oro province geology) to be part of an accretionary prism complex mainly composed by a tectonic melange. The new interpretations related to the present study will be discussed in the last chapter (chapter 6). 1.4 Field investigations: the Raspas Complex and the surrounding geological framework 1.4.1 Preliminary notes.

  two samples of eclogitic metapelites and three of eclogites have been dated by the 40 ArP 9 Ar method (see § 1.5). The dated phengites in the metapelites gave 123.4±1.3 and 129.3±1.3Ma. The phengites in eclogites yielded ages of 127.1±1 .3 and 123.9±1.4 Ma, while the barroisite gave 116.8±1.4 and 114.2±1.6 Ma ages.

  et al. (1995) drew a geologically meaningless contact between the Palenque Melange and the greenschist-bearing Panupali unit. Feininger (1980 and oral communication 2001) interprets the blueschists (in this study belonging to the Arenillas-Panupali unit) cropping out in the quebradas Damas and Panupali as a retrograde stage of the Raspas eclogites. On the contrary, according to the present work, three main arguments indicate that the blueschists of the Arenillas-Panupali units attained metamorphic peak conditions in the blueschist facies and then followed a retrograde path in the greenschist-facies. The first argument refers to petrography: the blueschists are characterised by a peak paragenesis with gamet + glaucophane + titanite. ln addition , garnet shows inclusions of glaucophane and titanite being rutile-free. The retrograde evolution produces albite + chlorite + epidote, while the glaucophane is rimmed by a calcic-amphibole, namely barroisite and/or hornblende, grading to actinolite. These characters are consistent with a blueschistfacies peak and do not state a retrograde stage from eclogite to blueschists facies as observed for the Raspas complex eclogites {chapter 4). The second argument is provided by geochemical analyses (chapter 2), which indicate that the Arenillas-Panupali unit shows a MORB-type affinity, and is therefore totally distinct from the Raspas metabasites, that show OPB-type affinity. The last key point concerns the geo-chronclogical data obtained for the Raspas Complex eclogites and for the Arenillas-Panupali metagabbros ( § 1.5). The former gave 40Ar/39Ar integrated ages on phengite averaging around 125 Ma , while the second was dated with the same method on amphibole and yielded an integrated age of 225 Ma (this work) .

•

  coarse grained gneiss (amphibolite-facies) locally migmatitic; (plate 1) (in particular migmatites are observed mainly as a band along the ductile shear zone separing the Tahuin group rocks from the Piedras-type amphibolites ).Accordingly, we interpret the increase in the temperature conditions as corresponding to a deepening into the continental crust sequence. ln the Tahuin Group four main plutons are known (the type-localities for the plutons refer to the geological map of[START_REF] Feininger | Geologie map of Western El Oro Province[END_REF] Only the El Prado intrusion refers toAspden et al., 1995): La Florida and La Bocana granodiorites crop out in the northem part, while the Marcabeli and El Prado granodiorites are exposed in the southern part of the continental crust sequence. Ali these plutonic bodies show an "S-type" affinity and a synkinematic texture.

  at 74.4±1.1 Ma (K-Ar on Hb amphibole) and then by Aspden et al. (1992) at an averaged age of 74 Ma. A new age at 75±0.5 Ma (Ar-Ar on Hb} has been produced during this work. Other amphibolites crop-out in the Rio Sta Rosa no far from the El Recrea settlement (where the rio makes its large meander between Limon Playa and La Avanzada): they are characterised by nematoblastic Mg-hornblende and xenomorphic plagioclase. E-W striking aplitic leucocratic dikes, similar to those observed in the migmatites, crosscut the El Recrea amphibolites. Having an N-MORB geochemical affinity, the El Recrea amphibolite can be interpreted as a slice of subducted oceanic crust inserted into the continental crust during the lamination associated to the extension. These amphibolites have been dated (this wori<) to 103.4±1 .9 Ma and to111.9±12.8 Ma (Ar/Ar on Mg-Hornblende). To conclude, the Biron terrane represents the northem continental domain that, together with the Tahuin Group, the Piedras-Amphibolites and the Arenillas-Panupali unit, surrounds the metamorphic, mafic, ultramafic and sedimentary HP rocks grouped in the Raspas Complex. Even if a lot of work is still needed to properly characterise the origin and evolution of the Biron terrane, the data provided by the study of the region close to the La Palma -El Guayabo shear zone permit to understand the exhumation process of the Raspas complex. ln fact the migmatites of the Bir6n terrane are located only in the southern part of the terrane itself, and in particular they are delimited by La Palma-El Guayabo shear zone and by a shear zone cropping out north of La Avanzada. The parageneses observed in the Biron rocks are in accord with sequences of upper continental crust, while the radiometrie ages given by biotites and amphiboles suggest that two major tectonic events occurred around 75-80 Ma and 100 Ma, respectively.

40ArP 9

 9 Ar method at the University of Montpellier Il (ISTEEM, UMR-GTS, P. Monnié) and at the University of Lausanne (IMG, M. Cosca).

Field

  observations in the Biron terrane showed peculiar features in the sector close to the La Palma-El Guayabo shear zone. ln fact this sector is characterised by dominant migmatites, gneiss and granodiorites limited towards the north by a mylonitic shear zone, beyond which an abrupt change to very low-to low-grade rocks remains unexplained.
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 5 Figure 5: Location of the El Oro metamorphic complex.
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 6 Figure 6: Simplified geologie map of Ecuador; modified after Litherland et al. (1993}.
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 7 Figure 7: Geological sections. For the legend refer to the geological map.
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 12 Fig. 1 Plate tectonic regimes to explain the Early Jurassic to Quaternary magmatic evolution along the northern and central South-American west margin, (after As pd en et al., 1987).
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 4 Fig. 4 Location map of the Celica-Lancones Basin (after Jaillard et al., 1999).
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 6 Fig. 5 Location of the El Oro metamorphic Complex

  The highpressure (eclogite-facies) rocks belong to the Raspas formation; the amphibolites (i.e. samples 97Ce18 and 98TH13) were sampled in the Piedras Amphibolites unit, and greenschist (i.e. sample 97Ce12) belongs to the Arenillas-Panupali unit The eclogites (97Ce1, 98RR4, 98RR6) and the eclogitic garnet-amphibolites (97Ce4A) crop out in the Rio Raspas (UTM-WGS84: 17/620500E-9602100N). The eclogites consist of poikiloblastic gamet, omphacite, epidote, amphibole (barroisite), rutile ± phengite and quartz. Their contents in phengite and quartz vary significantly from one facies to another. Garnet commonly includes quartz, rutile and epidote. Zones rich in amphibole or omphacite can lead to a strongly layered texture. The garnetamphibolites are associated with the eclogites and are characterized by the occurrence of abundant blue-green amphibole. The serpentinised peridotites, pinched within the La Palma-El Guayabo shear zone, belong to the El Toro formation (see chapter 1 and the geological map). The studied samples (97Ce14, 97Ce15) were collected close to the village of Limon Playa (UTM-WGS84: 17/618250E-9604200N). Most olivine porphyroblasts are transformed into serpentine aggregates. Preserved crystals correspond to Mg-rich olivine (Fo90). Fi brous aggregates of colourless amphibole define a rather weil developed schistosity. The greenschist-facies epidote bearing amphibolites were sampled in the "Quebrada de Damas" (97Ce12, UTM-WGS84: 17/625500E-9597500N), in the Arenillas-Panupali unit. They show an association of actinolite, chlorite and epidote typical of the greenschist facies metamorphism.

  2.4.3 Greenschists to amphibolite metamorphic rocks (97Ce12, 97Ce13, 97Ce18, 98TH13) Amphibolites bulk rock major and trace element compositions are similar to those of N-MORB. They are LREE depleted (0.61 < (La/Yb)CN < 0.90; 0.70 < (Ce/Sm)CN < 0.89] and relatively flat for medium to heavy REE [0.70 < (Sm/Yb)CN < 1.85] (Fig. 3C). 97Ce13 differs from the metabasalts by lower REE and Ti02 abundances, higher Al203 content and a very slight positive Eu anomaly (Eu/Eu*=

  ln the eNdi -(La/Yb)CN diagram (Fig.38), these amphibolites exhibit the highest eNdi and the most LREE-depleted patterns of ali analyzed rocks from the Raspas Complex. The (206pbf204pb)i, (207 Pbf204pb )i and (208pbf204pb )i ratios of the 98TH13 and 97Ce13 amphibolites are very sim il ar to the 97Ce14 serpentinite and are located in the more depleted part of the MORB domain (Fig.4).2.4.4 Eclogltic metapelites (97Ce2, 97Ce3, 97Ce4, 97Ce5, 97Ce6) Metapelites have very homogeneous major element compositions, close to that of continental crust(Taylor and Mclennan, 1985). Differences in Ti02 and MgO contents are likely to be linked to the abundance of oxides. The REECN patterns of these metapelitic rocks are similar to that of the Bulk Continental Crust (BCC),(Taylor and Mclennan, 1985; Fig. 1 D) with a characteristic LREEenrichment [4.27 < (La/Yb)CN < 6.26] and a marked negative Eu anomaly [0.46 < Eu/Eu" < 0.91]. 97Ce5 differs from the other rocks by a positive Ce anomaly [Ce/Ce*= 1.44], which could be linked to seawater alteration. 97Ce3 phengite differs from its related host-rock by a significantly higher (La/Yb)CN ratio (83.04) (Fig. 1 D'). The difference between the whole-rock and phengite pattern is attributed to the presence of garnet in the bulk rock, which balanced the strong HREE depletion of the phengite. Most of the trace element abundances of these metapelites are similar to those of BCC, as emphasized by the essentially non fractionated Bulk Continental Crust normalized-patterns reported in the figure 2D. However, abundances of Ba, Th, Zr and Hf differ from one rock to another (Fig. 2D).

  Geochemical and isotopie constraints ........ . -Mafic HP metamorphic rocks include the eclogites and the serpentinised peridotites. Geochemical data indicate that these rocks show a geochemical signature consistent with an oceanic plateau basait (OPB), with the serpentinised peridotites corresponding to the residual part. No MORS-type rocks were found in this sample set; -Metapelites, metamorphosed under HP conditions, were originally terrigenous sediments resulting from the erosion of an old continental crust. They are structurally associated with the eclogites and current petrographie studies suggest that both rock lithologies underwent comparable tectonic and P-T evolutions; -Epidote-bearing greenschist-facies amphibolites (Arenillas-Panupali unit) and amphibolites belonging to the Piedras Amphibolites, display geochemical features indicating oceanic floor (MORS) affinities.

  Stille, P., Unruh, D.M., Tatsumoto, M., 1986. Pb, Sr, Nd and Hf isotopie constraints on the origin of Hawaiian basalts and evidence for a unique mantle source.Geochim. Cosmochim. Acta, 50, 2303-2320. Stockhert, B., Maresch, W.V., Brix, M., Kaiser, C., Toetz, A., Kluge, R., Kruckhans-Lueder, G ., 1995. Crustal history of Margarita island (Venezuela) in detail: Constraints on the Caribbean platetectonic scenario. Geology, 23, 187-790. Taylor, S.R., McLennan, S.M., 1985. The continental crust: its composition and evolution. An examination of the geochemical record preserved in sedimentary rocks. 312 pp., Blackwell publ., Oxford. Toussaint, J.-F., Restrepo, J.J., 1994. The Colombian Andes during Cretaceous times. in: J.A. Salfity, ed., Cretaceous tectonics in the Andes, 61-100, Earth Evolution Sciences, Fried . Vieweg & Sohn, Braunschweig/Wiesbaden. Vidal, P., Chauvel, C., Brousse, R., 1984. Large mantle heterogeneity beneath French Polynesia. Nature, 307, 536-538. Von Huene, R., Scholl, D.W., 1991. Observations at convergent margins conceming sediment subduction, subduction erosion, and the growth of continental crust. Rev. Geophys., 29, 279-316. Wasserburg , G.J., Jacobsen, S.B. , DePaolo, D.J., McCulloch, M.T., Wen, T., 1981. Precise determination of Sm/Nd ratios , Sm and Nd isotopie abundance in standard solutions. Geochim. Cosmochim. Acta, 45, 2311-2323. Weber, M.B.I., Tarney, J., Kempton, P.O., Raymond, R.W., 2002 . Crustal make-up of the Northern Andes: Evidence based on deep crustal xenolith suites, Mercaderes, SW Colombia. Tectonophysics, 345, 49-82. White, W.M., Hofmann, A.W., Puchelt, H., 1987. Isotope Geochemistry of Pacifie mid-ocean ridge basait. J. Geophys. Res., 92, 4881-4893. White, W .M., Mc Birney, A.R., Duncan, R.A., 1993. Petrology and geochemistry of the Galapagos Islands: Portrait of a pathological mantle plume. J . Geophys.Res., 98, 19533-19563. 

Figure 1 :

 1 Figure 1: Chondrite-normalized (CN) rare element patterns of the minerais and host rocks from the Raspas metamorphic rocks. A: eclogites and garnet-amphibolite (97Ce4A); A': mineral separates from the 97Ce1 eclogite; B: serpentinised peridotites; C: greenschists and amphibolites; D: high-pressure metasedimentary rocks; D': mineral separates from the metapelites (97Ce3 and 97Ce6).
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 2 Figure 2: Multi trace-elements patterns for the whole-rocks from the Raspas metamorphic rocks. A: Primitive Mantle (PM) normalised plots for the eclogites and garnet-amphibolite (97Ce4A); B: (PM) plots for the serpentinised peridotites; C: (PM) plots for the amphibolites; D: Bulk Continental Grust (BCC) normalised plots for the metapelites.
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 3 Figure 3: A) ONd; versus (87sr;86sr)i diagram for rocks of the Raspas Complex (this study).The field of the Duarte Complex basalts and cumulates has been reported for comparison (Lapierre et al., 2000); B) DNd; versus (La/Yb) diagram. La/Yb ratios for E-MORB, N-MORB and Primitive Mantle (PM) are taken from Sun and McDonough (1989).
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 4 Figure 4: Correlation plots A) 206pb;204pb versus 207 Pbt204pb, B) 206pb;204pb versus 208pb;204pb for rocks of the Raspas Complex.
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  Fig.1: Chondrite-norrnalised REE patterns of the minerais and host rocks from the Raspas metamorphic rocks.

  Fig. 3A and 38: A) eNdj versus (87 Srt86sr)i diagram for rocks of the Ras pas Complex. B) eNdj versus (La/Yb) diagram.
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 4 Fig. 4: Correlation plots: A) 206Pb/20 4 Pb versus 207Pb/204Pb; B) 206Pb/204pb versus 208Pb/204Pb.

  the area of the quarry opened for the construction of the Tahuin Dam (see the annexed geological map). The quarry is located on the northem side of the Rio Arenillas in the foot-hills south west of the Cerro El Toro (UTM-WGS84: 17/611024E-9600135N). The samples TF794 and EA68 have been provided by Tomas Feininger and they were collected respectively in the quebrada El Toro and in the quebrada Pachanga (Cerro El Toro area). The El Toro ultramafic rocks are mainly composed of fine to medium grained massive metaperidotites with diopside-amphibole-chlorite bands. A subordinate body of banded ultramafites, with amphibolediopside-chlorite bands alternating with olivine-rich bands has been observed in the quarry area. This banded body probably represents a limited volume in the El Toro metaperidotites, but the scarcity of outcrops did not allow an appropriate observation of rock volumes and relationships. ln the eastern sector of the quarry, metric dikes of amphibole-rich mafic rocks _ crosscut the El Toro metaperidotites. ln order to clearly describe the different lithologies which characterise the El Toro ultramafic body, forty samples have been studied in detail: they have been subdivided according to their paragenesis and microtextures in three main groups (Tables: 1, 2A, 28, 3): Metaperidotites with diopside-amphibole•chlorite bands Metaperidotites (samples 99TH45, 99TH48-B, 99TH49, 99TH51-B, 99TH55, 99TH72, TF794, EA68) Diopside-amphibole-chlorite bands (samples 99TH48-A, 99TH51-A) Banded ultramafites with alternating olivine-rich bands and amphibole-diopside-chlorite bands Olivine rich bands: Chlorite-bearing (samples 99TH47, 99TH65) Chrysotile-bearing (sample 99TH57) Antigorite-bearing (samples 98TH4, 98TH5, 99TH44-A, 99TH50, 99TH52-B, 99TH53-C, 99TH58-C, 99TH63-B, 99TH64-B, 99TH67-B, 99TH68-B, 99TH71) Amphibole-diopside-chlorite bands: (samples 99TH44-B, 99TH52-A, 99TH53-A & -B, 99TH58-B, 99TH63-A, 99TH64-A 99TH66, 99TH67 -A, 99TH68-A)

  Rare porphyroclasts of orthopyroxene and clinopyroxene have been observed in few samples (i.e. 99TH48-B, 99TH55, TF794, EA68). Orthopyroxene porphyroclasts consists of millimetric xenomorphic pale yellow crystals without evident pleochroism and unzoned. Thin bands of exsolved black dots (magnetite?) are common and a brownish alteration is also present. The clinopyroxene porphyroclasts are xenomorphic and their average size is of few millimetres. They usually show exolution lamellae and an intense brownish alteration covering the crystals. This clinopyroxene differs from the matrix diopside that occurs as inequigranular (ranging in size from 0.1 to 0.5 mm) colourless xenoblastic or sub-idioblastic crystals. Amphiboles in the El Toro metaperidotites pertain to two different generations: the first (amphibole-1) is represented by colourless porphyroblasts, up to 1 mm long. The second generation is represented by smaller interstitial xenoblasts dispersed in the matrix or by small fibrous crystals (amphibole-2).

F

  The HP ultramafic sequence of the El Toro fm ..... .

  (samples: 99TH56•59•60•61•62•70) The zoisite-bearing amphibolites (tables 3 and 7; figure 1 a)) are massive to poorly schistose rocks, deep green in colour, with small mil ky dots of zoisite . They are composed mainly of pleochroic green to blue-green inequigranular amphibole (the dominant size is less than 0.5mm) with a polygonal fabric. Sorne amphibole cores are pink in colour and they change to a pale green towards their rim . Few samples (i.e.: 99TH61) show millimetric (up to 1cm long) porphyroblasts, usually xenoblastic, of scarcely pleochroic colourless to pale rose amphibole with small inclusions of pyroxene Zoisite porphyroblasts are concentrated in domains showing a decussate texture, or dispersed into the matrix of amphiboles. Locally zoisite crystals seem to have replaced gamet. Where zoisite is more abundant, widespread relicts of clinopyroxene are present. Few sample revealed abundant xenomorphic grains (generally smaller than 0.5mm in size) of garnet, particularly in the domains where the clinopyroxene is more abundant. Due to the scarceness of garnet and clinopyroxene relicts and to the unclear fabric, their relationships with the amphibole are not clear on a texturai basis. Titanite and rutile are common accessory phases.

F

  The HP ultramafic sequence of the El Toro fm .. ... .

  The primary mineralogy and texture of the amphibolites have been completely modified by metamorphic recrystallization. The pristine mafic dikes are now represented by amphibole-rich rocks in which texturai relationships indicate equilibrium between amphibole and zoisite. Nevertheless, the metamorphic records in the amphibole-rich dikes are particularly interesting for the metamorphic evolution of the El Toro ultramafites. ln fact, the presence of rare crystals of garnet and omphacite indicates that eclogite-facies conditions were reached at the metamorphic peak. That fact is extremely important because it documents the HP conditions attained by the El Toro metaperidotites (the peak assemblage in metaperidotites only defines the temperature interval, and not the pressure range).A problem is still open: the relationships between the amphibole-zoisite assemblage and garneUomphacite crystals. The relatively simple mineralogy of these metabasalts (i.e. the dominant phases are amphibole and zoisite) together with a particular mineral chemistry (e.g. rodingitic garnet) increase the difficulties in the interpretation of the observed parageneses. A more detailed discussion and a proposai of interpretation are reported in § 3.6 and 3.7.

  3.3.1 Metaperidotites with diopside-amphibole-chlorite bandsFour samples of metaperidotites (99TH48-B, 99TH51-B, 99TH55, TF794) have been selected as representative (tables 8, 9, 10 and 11). The same has been done for the two samples 99TH48-B and 99TH51-A representing the diopside-amphibole-chlorite bands.ClinopyroxeneRelict porphyroclasts of clinopyroxene (cpx-1) have been analysed in the metaperidotite (sam pie 99TH55, table 8) yielding compositions consistent with chromian diopside, (Cr = 0.083 a.p.f.u.; chromian-diopside, according to[START_REF] Morimoto | [END_REF]. Nevertheless, a few analyses have shown a lower wollastonite end-member content shifting the analysis to the augite field. The neoblastic clinopyroxene (cpx-2) is a diopside relatively homogeneous in composition for the different analysed samples (metaperidotites as weil diopside-amphibole-chlorite bands}, only minor variations in the Mg

  in which the XMg is plotted versus the MnO content. Generally the samples having only primary olivine (01-1) (i.e. sample 99TH48-B and TF794) have an higher XMg ranging between 0.90 and 0.91, while they are less enriched in manganese (average MnO = -0.16 wt%). The samples 99TH51-B and 99TH55, that show the two olivine generations, have an XMg = -0.88, versus a MnO varying from -0.15 to -0 .23 wt%. for the porphyroclasts. The neoblastic olivine (01-2) has a slightly reduced XMg (averaging around 0.87), while the corresponding MnO can shift from -0.18 to -0.28 wt%. The sample 99TH51 depicts particularly low XMg values (-0.86) for two analyses of olivine-2. Spinel Spinels analyses are represented in tables 8, 9, 1 0 and 11 and figure 3. The variation in Cr and Al content are important to define the two main compositional fields in which fit the two kinds of spinels.The black spinels belong to the Cr rich series (chromite and iron-rich chromite) , with an Al content lower than 0.2. (figure3). A further distinction can be made according to the Cr/Fe3+ ratio. Generally black spinels have important quantities of ferric iron (as also outlined by the sum of the oxides falling significantly far from the theoretical value of 100%). The sample 99TH51 is particularly Fe3+ rich, becoming consistent with a magnetite end-member. The brown spinels are variably Al-rich, approaching the spinel s.s. composition.

  lndeed for the antigorite olivine-rich bands, which show a more intense metamorphic overprint, it becomes difficult to separate the chemical variation due to recrystallisation from that related to the primary zoning, as attested by the data dispersion in figure2. Spinel Two spinels are observed in the olivine-rich bands (figure3) . The brown spinel, in inclusions in olivine porphyroclasts, is Al-rich showing a ratio Al/Cr ranging from 0.5 to 0.7 . The black spinel is more abundant and it has a Cr-rich composition with an average ratio Cr/Fe3+ = -0.75 . Porphyroblasts of black spinel are typical of amphibole-diopside-chlorite-rich bands.SerpentineThe serpentine minerais in the ORB can be divided in two groups according mainly to the Al . content (figure4). Chrysotile polymorph has been observed in samples 99TH57 and 99TH50, showing aluminium free analyses. The antigorite polymorph (sample 99TH50 and 99TH67B) is characterised by Al ranging from 0.07 to 0.08 a.p.f.u. and by a Mg content averaging around 2.7 p.f.u (tables 12 and 15; figure4). Antigorite is also the serpentine in amphibole-diopside-chlorite-rich bands.

  element compositions have been performed by X-ray fluorescence (XRF) at the Centre d'Analyse Minérale (CAM) of the Lausanne University. Compositional data of 25 samples are listed in tables 18, 19 and 20: they represent: 1) two metaperidotites (518, 55), and one amphibolediopside-chlorite-rich band in metaperidotite (51A); 2) 16 samples form the banded ultramafites, representing, respectively, the olivine-rich bands(47, 57, 50, 58C, , 638, 44A, 528, 648, 678) , the amphibole-diopside-rich bands (53A, 538, 588, 63A) and the diopside-chlorite-rich bands (448, 52A, 64A); 3) 6 sam pies of amphibolites(56, 59, 60, 61, 62, 70).The metaperidotites are characterized by relatively low Si0 2 and high contents, typical of olivine-rich mantle peridotites: they show, moreover, CaO (2.05-5.51wt%) and Al 2 0 3 (1.48-2.88wt%), closely similar or slightly lower than estimated concentrations in fertile mantle

  The amphibole-diopside (+/-chlorite) bands of the banded ultramafites have lower) and significantly higher) and Al 2 0 3 (4.81 -9.75wt%) than the olivine-rich bands, which indicate an Mg-rich matie compositions of the protoliths.The amphibolites have,) and Al 2 0 3 (10.54-13.52wt%) similar or slightly higher than those of common basaltic compositions. 3.4.2 Trace elements chemistry Trace element bulk rock compositions have been performed, by ICP-MS technique, at ISTEEM, University of Montpellier Il. 8ulk rock trace element compositions of 12 selected samples representative of: one metaperidotite (99TH55), two olivine-rich bands (99TH47 -99TH67), four diopside-amphibole-rich bands (99TH58B-99TH53B-99TH53A-99TH51 A) one diopside-chlorite-rich band (99TH448), and four amphibolites (99TH56-99TH61-99TH62-99TH70) are reported in tables 18, 19 and 20 and figures 5, 6 and 7. Ali the data have been normalised to C1-chondrite, using the normalising factors proposed by Anders & Ebihara (1982). The metaperidotite sample displays an almost flat C1-normalized Rare Earth Element (REE) pattern, from HREE to MREE, at about 1 xC 1, slightly depleted for the LREE (CeN/SmN = 0.26): the trace element spiderdiagram evidences a strong Sr enrichment (figure 6A). The two olivine-rich bands show generallow REE absolute contents (below 1xC1): the REE patterns have a progressive negative fractionation from HREE to LREE (SmJYbN = 0.23-0.31): samples 99TH47 and 99TH67 present, moreover, a slight LREE-enrichment (figure 6A); ali the samples have a significant Ti enrichment. The four diopside-amphibole-rich bands have different characters: sample 99TH51A shows an almost flat HREE-MREE pattern, slightly lower than 10xC1, with a significant LREE negative fractionation (CeN/SmN = 0.30): the trace element spiderdiagram evidences a slight Sr enrichment. Samples 99TH58B, 99TH53B and 99TH53A are characterised by lower REE concentrations, generally below 1 xC1, almost flat to slightly fractionated REE patterns, from HREE to MREE: they show a slight LREE negative fractionation (Ce~SmN = 0.29-0.44), and a weak positive EuN anomaly. ln the trace element spiderdiagram a marked Sr enrichment is weil evident. The diopside-chlorite-rich band has a rather similar REE pattern as the diopside-amphibole-rich bands, at higher absolute values (i.e. about 3xC1) for the MREE: similarly it shows slight LREE fractionation (Ce~SmN = 0.41) and a significant Sr enrichment. The amphibolite samples can be divided in two groups. Samples 99TH56 and 99TH61 have almost flat REE patterns, form HREE to MREE, at about 6-7xC1,with a slight LREE fractionation (CeN/SmN = 0.34-0.54) and a EuN positive anomaly; these samples show, moreover, a strong Sr enrichment. Samples 99TH62 and 99TH70 show almost flat REE patterns, at about 20xC1, with a very slight LREE fractionation (CeN/SmN = 0.48-0.67). 3.4.3 Discussion of the bulk rock compositions Major and trace element bulk rock data on the El Toro ultramafic rocks outline that the different rock types are characterised by discriminant compositional features which give informations on their protoliths. The geochemical characteristics of the metaperidotite sample 99TH55 is typical of moderately depleted mantle peridotites. One of the analysed diopside-amphibole-rich bands (sample 99TH51A), in particular, has a REE patterns, and overall trace element contents, closely similar to that of LREEdepleted pyroxenite bands in orogenie and ophiolitic peridotites. Most of ether analysed samples represent olivine-rich and diopside-amphibole-rich bands, closely interlayered in the main ultramafic body, cropping out in the sampling area. The diopside-amphibolerich bands (samples 99TH58B, 99TH53B, 99TH53A and 99TH44B), showing relatively low REE absolute contents, slight LREE fractionation and an evident EuN positive anomaly, strongly recall MORB-type Mg-gabbroic rocks, characterized by cumulus of plagioclase (Ross and Elthon, 1997; Rampone et al., 1998): they can be, accordingly, interpreted as plagioclase-bearing gabbroic intercalations in the mafic-ultramafic layered association represented by the banded ultramafites. The olivine-rich bands (samples 99TH47, 99TH67) have trace element compositions similar to those of dunite bodies beth from mantle peridotites or olivine cumulates. The trace element compositions suggest that amphibolites, which crop out as dykes crosscutting the ultramafic body, can be divided in two groups. Samples from the first group (samples 99TH56 and 99TH61 ), which show evident EuN positive anomaly, are similar to gabbroic rocks, characterized by cumulus of plagioclase: their protoliths could have been plagioclase-bearing gabbroic rocks, where plagioclase was a cumulate phase. Samples from the second group (samples 99TH62 and 99TH70) most probably derive from basaltic rocks. Amphibolites and mafic bands in the ultramafic body are, accordingly, of magmatic origin: they are commonly characterised by variable LREE negative fractionation, which is strongly indicative of a MORS affinity of the parental melts. Most of the analysed samples exhibit an evident SrN enrichment. This feature is shown both by rocks having EuN positive anomaly (e.g. the diopside-amphibole-rich bands and sorne of the amphibolites):

  components (i.e. Ca and Al} and sorne incompatible elements (i.e. the REE), and its REE pattern, indicate that the protolith was, most probably, a cpx-poor lherzolite. The fact that pyroxenes are almost completely replaced by amphibole (and chlorite), which show equilibrium textures with olivine, indicate that the mantle protolith has recrystallized, at mantle depths, at P-T conditions compatible with the amphibole+chlorite-peridotite facies (figure 8). The amphibole-diopside-chlorite bands preserve relies of huge dark spinels, partly replaced by chlorite; their compositional characteristics are closely similar to those ones of the mafic intercalations in orogenie peridotites. The bulk rock characteristics of these bands (i.e. low Cr, high Al contents), and the LREE-depleted REE pattern, indicate that they most probably derived from depleted Aldiopside-type pyroxenite bands. Most of the other studied samples derive from a mafic-ultramafic rock sequence showing thin alternating layers of olivine-rich and amphibole-diopside-chlorite-rich bands. The former are characterized by the presence of rounded spinel crystals, in a matrix of recrystallized olivine, the latter have compositional features (i.e. a positive Eu anomaly in the bulk rock, a significant LREE negative fractionation) that indicate their origin as magmatic plagioclase-bearing matie rocks and the MORB affinity of the parental magma. This layered rock sequence can be interpreted as due to crystal fractionation and rythmic accumulation of olivine + spinel (i.e. the olivine-rich bands) and olivine + plagioclase+ clinopyroxene (i.e. the amphibole-diopside-chlorite-rich bands). The amphibolites, which crop out as dykes crosscutting the ultramafic body, have major and trace element compositions which strongly recall both basaltic and gabbroic rocks: these latter can be identified by the positive Eu anomaly shown by the bulk rocks, which clearly indicates a pristine plagioclase-bearing gabbroic rock. The slightly LREE-fractionated REE patterns of the amphibolite bulks rocks suggest, moreover, a MORB affinity for the parental magmas.

  The pristine mantle peridotites, with pyroxenite layers, were characterized by spinel-facies assemblages, indicative of equilibrium recrystallisation at moderate-pressure conditions (P ranging 10-25 Kb). The development of amphiboles (pargasite and tremolite) and/or chlorite, stable with olivine (amphibole and/or chlorite peridotite facies assemblages), indicates transition to lower pressure and temperature conditions (figure8). The brown spinel (Al-rich) replaced by black spinel (Cr-rich} and/or chlorite is also consistent with that transition[START_REF] Evans | Chrome-spinel in progressive metamorphism -a preliminary analysis[END_REF] Barnes and Roeder, 2001}. ln the pyroxenite bands the amphibole-chlorite facies assemblage is particularly weil preserved.The layered mafic-ultramafic body as weil, (defined by the alternating of olivine-rich bands and amphibole-diopside-chlorite-rich bands}, show the assemblage of stable chlorite and/or amphibole overprinting a previous facies now represented only by olivine-1 and spinel in the olivine-rich bands.Therefore, it can be inferred that the layered sequence was intruded in the mantle peridotites during the initial stages of their decompressional upwelling and before recrystallization at the amphibole+chlorite-peridotite facies conditions.The intrusion of MORS-type gabbroic and basaltic dykes (now amphibolites) is indicative of a progressive decompressional evolution of the mantle peridotites in an oceanic setting. The oceanic metamorphic overprint is shown by the development of chrysotile, and chlorite, at the expense of mantle minerais and by the Sr enrichment of the whole rocks.

  of olivine-rich bands alternating with amphibole-diopside-chlorite bands. Basic dykes crosscut the ultramafic body. The geochemical characteristics of the metaperidotite are typical of moderately depleted mantle peridotites. One of the analysed diopside-amphibole-rich band has a REE pattern, and overall trace element contents, closely similar to that of LREE-depleted pyroxenite bands in orogenie and ophiolitic peridotites. Concerning the mafic-ultramafic layered body, samples representing the diopside-amphibole-chloriterich bands that show relatively low REE absolute contents, slight LREE fractionation and a EuN positive anomaly, strongly recall MORS-type Mg-gabbroic rocks, characterized by cumulus plagioclase. They can be, accordingly, interpreted as plagioclase-bearing matie intercalations, interlayered with olivine+spinel cumulate layers. The trace element compositions suggest that amphibole-rich rocks, which crop out as dykes crosscutting the ultramafic body, can be divided in two groups. The first one, showing a EuN positive anomaly, is similar to gabbroic rocks, characterized by cumulus plagioclase: their protoliths could have been gabbroic rocks. The second group most probably derives from basaltic rocks. These amphibolerich rocks are commonly characterized by variable LREE negative fractionation, which is strongly indicative of a MORS affinity of the parental melts of their magmatic protoliths.

  layers, were characterized by spinel-facies assemblages, indicative of equilibrium recrystallisation at moderate pressure conditions (P ranging 10-25 Kb). The development of amphiboles (pargasite and tremolite) and/or chlorite, stable with olivine (amphibole+chlorite-peridotite facies assemblages), indicates transition to lower pressure and temperature conditions. The intrusion of MORB-type gabbros and basalts suggests progressive decompressional evolution in an oceanic setting: oceanic metamorphic overprint is evidenced by the development of chrysotile, chlorite, at the expense of mantle minerais and by the Sr enrichment of the whole rocks.
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 2 Figure 2: Olivines in the El Toro ultramafites: MnO (wt%) versus XMg discriminative diagram showing compositional variations for primary and metamorphic olivine .
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 3 Figure 3: Representative spinels of the El Toro ultramafites.
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 4 Figure 4: Serpentines in El Toro ultramafites: discriminative diagram showing compositional variations for chrysotile and antigorite polymorphs.
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 5A Figure 5A: Chondrite-normalised REE patterns of the whole rocks from the amphibole-diopsidechlorite bands in the El Toro ultramafites.
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 58 Figure 58: Chondrite-normalised multi-trace element patterns of the whole rocks from the amphibolediopside-chlorite bands in the El Toro ultramafites.
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 6A Figure 6A: Chondrite-normalised REE patterns of the whole rocks from the El Toro formation: a) metaperidotites; b) amphibole-diopside-chlorite bands in metaperidotites; c) olivine-rich bands in banded ultramafites.
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 68 Figure 68 Chondrite-normalised multi-trace element patterns of the whole rocks from the El Toro formation: a) metaperidotites; b) amphibole-diopside-chlorite bands in metaperidotites; c) olivine-rich bands in banded ultramafites.
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 7A Figure 7A: Chondrite-normalised REE patterns of the whole rocks from the El Toro amphibolites.

Figure 78 :

 78 Figure 78: Chondrite-normalised multi-trace element patterns of the whole rocks from the El Toro amphibolites.
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 8 Figure 8: P-T diagram showing subsolidus paragenesis for lherzolitic compositions with water activity <1 . The arrows indicates the possible path for the mantle peridotites during decompression associated with cooling, as deduced from pristine mantle mineralogical associations. Reactions are from Jenkyns et al. (1981) for the hydrous system, and from Jenkyns and Newton (1979) for the dry system.
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 9 Figure 9: P-T diagram showing mineral equilibria in the system Si02-Mg0-Ca0-H20 (modified after Scambelluri et al., 1991 ).

  Abbreviations are afterKretz, 1983. (): rare; V: vein ; 1: inclusions in olivine.
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  Abbreviations are afterKretz, 1983. ():rare; V: vein; 1: inclusions in olivine.

  Abbreviations are afterKretz, 1983. Mg-Tar = Mg-taramite. ( ): rare.
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 1a Fig.1a: Photomicrographs of El Toro fm . metaperidotites with Di-Amph-Chl bands and amphibolite dikes.
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 1 Fig. 1 b: Photomicrographs of the El Toro fm . banded ultramafites.
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 2 Fig. 2: Olivines in El Toro ultramafites: MnO (wt%) versus XMg discriminative diagram showing compositional variations for primary and metamorphic olivine.
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 4 Fig . 4: Serpentines in El Toro ultramafites: discriminative diagram showing compositional variations for chrysotile and antigorite polymorphs.
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 5A Figure 5A: Chondrite-normalised REE patterns of the whole rocks from the amphibole-diopside-chlorite bands in the El Toro ultramafites .
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 58 Figure 58: Chondrite-normalised multi-trace element patterns of the whole rocks from the amphibole-diopside-chlorite bands in the El Toro ultramafites.
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  eclogites display the assemblage gamet + omphacite + barroisite ± clinozoisite + rutile. Phengite is also sometimes present. The garnet amphibolites are characterized by the assemblage gamet + barroisite + clinozoisite +quartz. More rare are the blueschists i.e. amphibole-and mica-rich foliated rocks displaying a gamet + glaucophane + epidote + mica + quartz + rutile paragenesis.

  of the present chapter is to characterise the metamorphic evolution of the Raspas Complex. A more detailed geochemical study of the protoliths of the Raspas Complex has been presented in chapter 2. Bulk rock major element compositions have been performed by X-ray fluorescence (XRF) at the Centre d'Analyse Minérale (CAM) of the Lausanne University. Compositional data of 11 samples, namely i) six eclogites (97CE1, 98RR3, 98RR4, 98RR6, 99RR16, 99RR29), ii) four gametamphibolites (97CE4a, 98RR16, 99RR11, 99RR 13), and iii) one blueschist (99RR27), are listed in table 2. ln a Ti0 2 versus XMgO plot (fig. 3), the metabasites show a wide distribution of titanium content, ranging from 0.25 to 2.45 in wt%, while the XMgO variation is restricted between -0.35 and -0.70. Three groups of rocks are found. To the first group belongs the garnet-amphibolites, distinguished by a higher XMgO (ranging from 0.53 to 0.68) and a lower Ti0 2 (0.35-0.70 wt%) content than eclogites and blueschists. The second group contain four samples of eclogites with a restricted range of chemistry (XMgO = 0.40 and Ti02 = 1.20-1 .50 wt%). The third group (two eclogites and the blueschist) shows the lowest XMgO (about 0.30-0.40) and the highest Ti0 2 . (2-2.50 wt%) ln the AFM projection (fig. 4), the three groups distinguished in the Ti0 2 -XMgO diagram are also recognized. The gamet amphibolites have a lower FeO/MgO compared to the eclogites and the blueschists. ln detail, the four samples of gamet-amphibolites can be further divided in two subgroups: samples 99RR11 and 99RR13 have a higher Mg content than samples 99RR16 and 97CE4a. mol%; analogously the almandine values are rather aligned around 50 mol%. Average variations in core and rim compositions are Alm40 

  ln the eclogites and the garnet amphibolites (fig. 1 0), sodic-calcic amphibole is the dominant species and calcic amphibole is also found (samples 99RR11 & 99RR13). Severa! samples (i.e. 98RR3, 97CE4a, 99RR11, 99RR16 and 99RR27) show a variation in composition from core to rim. This variation is mainly represented in barroisites by a slight decrease in magnesium from core to rim and conversely by an increase of iron (e.g. XMg in sample 98RR3 varies from 0.80 to 0.77 going from the core to the rim while the XFe shifts from 0.20 to 0.23). The opposite variation is shown by the magnesiohornblende in sample 99RR11, where XMg = 0.87 in the core and increase to 0.88 at the crystal rim. ln the blueschists, barroisite occurs as relict crystals (NaB = 1.25, XMg = 0.61) rimmed by glaucophane (NaB = 1.88, XMg = 0.70).

  Eclogltes, gamet amphibolltes and blueschists from ...
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 1 Fig. 1-A and 1-B. Photomicrographs (plane and cross polarised light) showing the main texturai features of the Raspas metabasites.

Fig. 2 .

 2 Fig. 2. Back-scattered electron (BSE) image showing the rim of glaucophane around the barroisite core in blueschist sample (99RR27).

Fig. 3 .

 3 Fig. 3. Bulk-rock chemistry of Raspas metabasites. Variations in titanium versus magnesium content are shown .
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 4 Fig. 4. AFM whole-rock chemical data for the Raspas metabasites projected from quartz, muscovite and H20.
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 5 Fig. 5. Garnet composition in terms of almandine , pyrope and grossular end-members for the Raspas metabasites.
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 6 Fig. 6. Compositional zoning, from rim to rim, of garnet in Raspas eclogites (sample 98RR3).

Fig. 7 .

 7 Fig. 7. Compositional zoning, from rim to rim, of garnet in Raspas garnet-amphibolites (sample 97CE4a).

Fig. 8 .

 8 Fig. 8. Compositional zoning, from rim to rim , of garnet in Raspas blueschists (sample 99RR27).
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 9 Fig. 9. Compositions of sodic pyroxenes from the Raspas eclogites.

Fig. 10 .

 10 Fig. 10. Representative compositions of amphiboles from the Raspas metabasites.

Fig. 11 .

 11 Fig. 11. Representative compositions of sodic-calcic-amphiboles from the Raspas metabasites.

Fig. 12 .

 12 Fig. 12. Phengite chemistry in terms of Si content (on the basis of 22 oxygens) and Fe(totai)+Mg content. The line represents the ideal inverse Tschermak substitution.

Fig. 13 .

 13 Fig. 13. ACFN projection of coexisting minerais in the three main parageneses of the Raspas metabasites.

Fig. 14 .

 14 Fig. 14. Estimated P-T conditions for the peak metamorphism of the Raspas metabasites. For the references of plotted reactions refer to the figure.

Fig. 15 .

 15 Fig. 15. Estimated P-T path for the eclogites from the Raspas Complex. Equilibrium curves are taken fromZhang et al. (1995; obtained by the GEO-CALC program, Berman, 1988). The (approximate)

  Abbreviations are afterKretz (1983), except WM=while mica.
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 1 Fig . 1-A: Photomicrographies of Raspas Complex mafic eclogites (cross polarized light).
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 345 Fig.3: Bulk-rock chemistry of Raspas metabasites. Variations in titanium versus magnesium content.
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 6 Fig.6 : Compositional zoning from rim to rim (distance -2.7mm) of garnet in eclogites (sample 98RR3).
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Fig. 7 :

 7 Fig. 7: Compositional zoning from rim to rim (distance -0.9mm) of garnet in garnet-amphibolites (sample 97CE4a).

Fig . 8

 8 Fig .8 Compositional zoning from rim to rim (distance -1.6mm) of garnet in blueschists (sample 99RR27).
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  Fig. 10: Representative amphiboles of the Raspas metabasites
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 11 Fig . 11: Representative sodic ca leie amphiboles of the Ras pas metabasites.
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 12 Fig. 12 Phengite chemistry in terms of Si content (on the basis of 22 oxygens) and Fe(totai)+Mg content. The line represents the ideal inverse Tschermak substitution.
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  Fig. 14: estimated pressure and temperature peak conditions for the Raspas metabasites
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  Figure 1 is replaced by the annexed geological map).

  increasing pyrope content from core to rim. The spessartine content decreases down to values less than 1 mol per cent in the outer part of the gamet porphyroblasts. Average variations in core and rim compositions are Alm60-76, Sps1-6, Prp2-9, Grs13-27 and Alm60-73, Sps0.3-1 Prp8-20, Grs15-23, respectively. Ali samples show a decreasing grossular content from core to rim, but gamet from sample 98RR1 0 shows a larger variation in grossular content compared to the other sam pies. This behaviour is consistent with the occurrence of titanite inclusions (instead of rutile) in gamet cores from sample 98RR10. The Mg/(Fe+Mg) ratio is higher in the samples 98RR10 and 97Ce3 compared to the sample 97Ce5, i.e. in the Grt+Chl paragenesis compared to the Grt+Cid+Ky paragenesis.Chloritoid compositions change depending upon their microstructural site of growth (Table4). Chloritoid inclusions (i.e. Cld-1) in gamet cores show a lower XMg with respect to chloritoid inclusions close to gamet rims (XMg varies from 0.11 to 0.18). Matrix chloritoid (i.e. Cid-11) is slightly more magnesian (XMg = 0.21-0.23) than the most magnesian inclusions in the gamet grains. Finally, the randomly-oriented grains (i.e. Cld-lllb) in the matrix and the chloritoid grains pseudomorphing gamet (i.e. Cid-Ilia) are less magnesian (XMg = 0.15-0.21 ). Synkinematic chlorites (i.e. Chl-11} are Si-and Mg-richer (XMg = 0.43-0.58) compared to post-kinematic chlorites (i.e. Chl-111) (XMg = 0.33-0.36)

  [START_REF] Powell | Calculating phase diagrams involving solid solutions via nonlinear equations, with examples using Thermocalc[END_REF], the assemblage Grt-Cid-Ky is stable at higher pressures than the KFMASH invariant point (i.e. at about 12 kbar), in a narrow temperature interval (560-600°C}. Specifically, the lower temperature limit of the Grt-Cid-Ky assemblage is defined by the incoming of almandine + kyanite at the expense of Fe-chloritoid +quartz, and the upper temperature limit by the breakdown of chloritoid through the KFMASH univariant reaction Cid = Grt + Chi + Ky +V.The P-T evolution of the Raspas metapelites can be described in this simplified madel by path A (continuous line on fig.10). Garnet and chloritoid coexisting with kyanite in sample 97Ce5 (Figs.8 and 9) show increasing XMg, indicating increasing temperature during garnet growth. This records part of the prograde P-T path, ideally taking place over a short temperature interval, of the order of 20°C. The other peak parageneses observed (Table1 and Figs. 8 and 9), nam ely garn et + chloritoid and garnet + chlorite are trivariant in the KFMASH system. Peak P-T conditions are located within the dashed area in Fig.10.Retrograde phases include chloritoid + quartz in kyanite-bearing rocks and chloritoid + chlorite in kyanite-absent samples. These two types of retrograde assemblages document backreaction along the two divariant reactions, namely Grt+Ky = Cld+Qtz and Grt = Cld+Chl (Fig.1 0). ln both reactions, the amount of retrograde products will depend upon the amount of available H 2 0. Two cases are to be considered. First, if a(H 2 0) = 1 thoughout decompression, the P-T path during decompression should cross the bounding FASH reaction above the KFASH invariant point, i.e. above 15 kbar. This places severe constraints on the shape of the P-T path, indicating decreasing temperatures during the earliest stage of the decompression. Second, the assumption of a unit activity for H 2 0 during decompression is unlikely. Decreasing the a(H 2 0) displaces the divariant equilibria towards lower temperatures. Consequently, the garnet breakdown reaction could have taken place at a lower pressure than the KFASH invariant point, but at higher pressures than the vapeur-absent Alm+Cid+Ky=St equilibria, also indicating decreasing temperature at an early stage of the decompression.

  resulting in ali fluid-bearing equilibria being displaced towards lower temperatures. Second, the incorporation of MnO into gamet displaces the KFASH invariant point towards lower P-T (ideally along the Grt-absent reaction if MnO only enters gamet). Moreover, MnO will stabilise the KFMnMASH reaction Cld+Ky=Grt+St+Chi+V (Fig. 1 0), and the corresponding KFMASH reactions will become divariant. Accordingly, the equilibrium curves bounding the garnet-chloritoid-kyanite stability field will be displaced towards lower temperatures, potentially greatly extending the stability field of the assemblage Grt-Cid-Ky (Fig. 1 0).The main consequence for the possible P-T paths of the Raspas metapelites is that peak temperatures could potentially be at lower temperature than the KFASH equilibria Cld+Qtz=Aim+Ky+V (dashed line on Fig.10). The change in chemistry during garnet growth is interpreted in the same manner as discussed above in the pure KFMASH system, indicating increasing temperature during garnet growth but at lower absolute values. As also discussed above, the retrograde reactions could indicate two types of P-T paths, both requiring a temperature decrease at an early stage of the decompression.

Table 4 .

 4 Representative electron microprobe analyses and structural formulae of chloritoid . Estimation of the Fe 3 + content in chloritoid has been do ne assuming stoechiometry, i.e. Fe 3 + = 4-(Ti 4 + +AI 3 +) (De er et al., 1992).

Fig. 1 .

 1 Fig. 1. Refer to the annexed geological map.

Fig. 3 .

 3 Fig. 3. Photomicrographs (plane-polarised light) showing the main texturai features of the Raspas metapelites. (a): Garnet porphyroblast with aligned inclusions defining an internai schistosity (Si) (sample 98RR2) and showing rotation with respect to the external schistosity (Se). {b) Garnet poikiloblast showing alternating quartz-rich and quartz-poor layers, and inclusions of kyanite, chloritoid (Cid 1) and graphite (sample 97Ce5).

Fig. 4 .

 4 Fig. 4. Back-scattered electron (BSE) images showing the three generations of chloritoid (sample 97Ce5). (a): Chloritoid and kyanite inclusions within garnet cores. Note that their shape fabric define an internai schistosity Si indicating ductile deformation du ring garnet growth. (b) Fine-grained aggregates consisting of quartz and chloritoid (Cid Ilia) pseudomorphing garnet. (c) Syn-kinematic chloritoid grains (Cid Il)) aligned along the schistosity and post-kinematic chloritoid porphyroblasts {Cid Il lb) overgrowing the schistosity.

Fig. 5 .

 5 Fig. 5. AFM whole-rock chemistry projected from quartz, muscovite and H 2 0.

Fig. 6 .

 6 Fig. 6. (a) Garnet composition in terms of almandine, pyrope and grossular end-members. (b) Garnet zoning in sample 98RR 10 shows a smooth profile, with decreasing spessartine and grossular and increasing pyrope from core to rim . This profile is typical of growth zoning .

Fig. 7 .

 7 Fig. 7. Phengite chemistry in terms of Si content (on the basis of 22 oxygens) and Fe(totai)+Mg content. The line represents the ideal inverse Tschermak substitution.

Fig. 8 .

 8 Fig. 8. AFM projection of coexisting minerais in the Raspas metapelites. Peak assemblages are depicted using measured compositions (full lines), and assumed compositions when garnet is totally pseudomorphed (dashed lines). Crossing tie-lines for retrograde assemblages indicate disequilibrium or growth at different P-T conditions in the two investigated samples. The grey fields indicate the extent of trivariant assemblages in the AFM diagram. When garnet was entirely replaced by chloritoidchlorite aggregates during the retrograde history, no microprobe analyses of garnet could be obtained.

Fig. 9 .

 9 Fig. 9. AFM projection showing the prograde evolution of the Grt-Cid-Ky assemblage. The displacement of the three-phase field towards higher magnesian compositions is recorded by chloritoid (and kyanite) inclusions within garnet (open symbols), then matrix chloritoid coexisting with garnet rims (filled symbols).

  Fig. 2. Relations between growth and deformation

  Abbreviations are afterKretz (1983), except W.M.: white mica. 1, inclusion in Grt; Il, synkinematic; Ill, post-kinematic. Si and Se refer to the internai (i.e. in Grt porphyroblasts) and external (i.e. in the matrix) schistosity. Ttn has been observed only in sample 98RR10.

Fig. 3 :

 3 Fig. 3: Photomicrographs (plane-polarised light) showing the main texturai features of the Raspas metapelites (refer to the text for explanations).

Fig. 4 :Fig. 5 :

 45 Fig. 4: BSE images showing the three generations of chloritoid (sample 97Ce5). Refer to the text for explanations.

Fig. 6

 6 Fig. 6: a) Garnet composition in terms of almandine, pyrpe and grossular end-members. b) Garnet zoning profile in sample 98RR1 O.

Fig. 7 :Fig. 9 :

 79 Fig. 7: Phengite chemistry in terms of Si content and Fe(totai)+Mg content. The line represent the ideal inverse Tschermak substitution.

p

  Fig. 10: Possible PT-path for the Raspas metapelites. Refer to the text for discussion.

  younger is mainly related to the subduction of the ultramafic unit. Pristine mantle peridotites, with pyroxenite layers, are characterised by spinel-facies assemblages, indicative of equilibrium recrystallisation at moderate pressure conditions (P ranging 10-20 Kb). The development of amphiboles (pargasite and tremolite) and/or chlorite, stable with olivine (amphibole and/or chlorite peridotite facies assemblages), indicates transition to lower pressure and temperature conditions. The intrusion of MORB-type gabbros and basalts suggests progressive decompressional evolution in an oceanic setting. Oceanic metamorphic overprint is evidenced by the development of chrysotile, chlorite, and tremolite at the expense of mantle minerais and by the Sr enrichment of the whole rocks . During the subsequent metamorphic evolution related to subduction , the ultramafic body reached eclogite facies
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Table 1 : New radiometrie ages in the El Oro province. samJJI!____ lithology location geological unit age (Ma) method dated by

 1 

	9BTH7	layered metagabbro (amphibolite)	rio S.ta Rosa 1 El Recreo	Biron terrane	103.4+/-1 .9	40Ar/39Ar on hornblende	this worl<, (Monié; Montpellier-France)
	9BTH7	layered metagabbro (amphibolite)	rio S.ta Rosa 1 El Recreo	Biron terrane	111 .9+/-12.8	40Ar/39Ar on hornblende	this worl<, (Monié; Montpellier -France)
	99LP26	layered metagabbro (amphibolite)	La Avanzada-Arenillas new road eut	Biron terrane	75 +/-0.5'	40Ar/39Ar on hornblende	this worl<, (Cosca, Lausanne -Switzerland)
	99LP8	diorite	rio S.ta Rosa 1 El Recreo	Biron terrane	78.4 +/-0.5'	40Ar/39Ar on biotite	this worl<, (Cosca, Lausanne-Switzerland)
	99LP20	cataclasite	Limon Playa /qebrada Diamante	La Palma-El Guayabo fault zone	129.5 +/-0.9'	40Ar/39Ar on white mica	this worl<, (Cosca, Lausanne-Switzerland)
	98RR4	eclogite	rio Raspas	Raspas formation	127.1+/-1 .3	40Ar/39Ar on phengite	this worl<, (Monié; Montpellier-France)
	98RR4	eclogite	rio Raspas	Raspas formation	116.8+/-1 .4	40Ar/39Ar on barroisite	this worl<, (Monié; Montpellier-France)
	98RR6	eclogite	rio Raspas	Raspas formation	123.9+/-1 .4	40Ar/39Ar on phengite	this worl<, (Monié; Montpellier-France)
	97Ce1	eclogite	rio Raspas	Raspas formation	114.2+/-1 .6	40Ar/39Ar on barroisite	Malfere, 1999
	97Ce4a	garnet-amphibolite	rio Raspas	Raspas formation	125.5 +/-7	40Ar/39Ar on barroisite	Malfere, 1999
	97Ce3	metapelite	rio Raspas	Raspas formation	123.4+/-1 .3	40Ar/39Ar on phengite	Malfera, 1999
	97Ce5	metapelite	rio Raspas	Raspas formation	129.3+/-1 .3	40Ar/39Ar on phengite	Malfere, 1999
	99TH38	metagabbro	Rio Arenillas	Arenillas-Panupali unit	225.3 +/-1. 7'	40Ar/39Ar on amphibole	this worl<, (Cosca, Lausanne-Switzerland)
	99TH11	amphibolite	El Recuerdo 1 Rio Arenillas	Piedras-Aml?hibolite	226 +/-1.8'	40Ar/39Ar on hornblende	this worl<, (Cosca, Lausanne -Switzerland)

Note: • =

int&grated ages.
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CHAPTER2 GEOCHEMICAL AND ISOTOPIC CONSTRAINTS ON THE RASPAS COMPLEX AND THE NEIGHBOURING TERRANES. 2.1 Introduction 2.2 Lithologies .

  

	2.2.1 The Metabasites.
	2.2.2 The Metapelites.
	-Panupali unit: photomicrograph of blueschist-
	facies relicts with garnet and blue-amphibole in
	metabasalts. Chlorite and albite overprint the
	peak assemblage. Sample TF-0703.
	Enlargement factor: 1 OOx. Plane polarized light.
	Arenillas-Panupali unit: photomicrograph of blue-
	amphibole and titanite included in garnet, indicating
	blueschist-facies peak conditions. Sample 99TH20.
	Enlargement factor: 250x. Plane polarized light.

Arenillas-Panupali unit: photomicrograph of greenschist-facies metabasalt showing the Ab+Chl+ Ep retrograde assemblage. Sample 99TH3. Enlargement factor: 1 OOx. Plane polarized light.

2.3 Analytical procedures Chapter 2 Table of contents 2.4 Geochemistry of rocks of the Ras pas Complex .

  

	pages
	2.4.1 Eclogites (97Ce1, 98RR4, 98RR6) and garnet-amphibolite
	(97Ce4A)
	2.4.2 Serpentinised peridotites (97Ce14, 97Ce15)
	2.4.3 Greenschist to amphibolite metamorphic rocks (97Ce12, 97Ce13, 97Ce18, 98TH13)
	2.4.4 Eclogitic metapelites (97Ce2, 97Ce3, 97Ce4, 97Ce5, 97Ce6)

2.5 Discussion. 2.6 Conclusions References 10 Table captions . 15 Figure captions 16 2 2.1 Introduction This

  chapter presents the results of a geochemical study carried out on rocks of the Raspas Complex and of the neighbouring terranes, namely the Piedras Amphibolites and the Arenillas-Panupali unit (see chapter 1 and the annexed geological map).

  Ti02 and Fe203 contents as weil as La/Nb (0.75 to 0.91) and La/Th (12 .68 to 13.42) ratios display

	enriched MORB signature.
	Chondrite-normalised (CN; Sun and McDonough, 1989) patterns for eclogites and mineral separates
	are presented in Figures 1 A and 1 A'. The REE abundances of these rocks are 20 times the chondritic
	values and their REE patterns are flat [0.99 < (La/Yb)CN < 1.29; 0.88 < (Ce/Sm)cN < 1.13]
	suggesting an Oceanic Plateau Basait (OPB) affinity (Kerr et al., 1997). These eclogites have Eu
	negative anomalies [0.64 < Eu/Eu* < 0.88]. 97Ce1 clinopyroxene and barroisite separates have lower
	REE abundances than the host rock. Clinopyroxene differs from the amphibole by a strong LREE
	enrichment [(La/Yb)CN = 5.92]. Conversely, the amphibole is enriched in HREE, compared to the
	pyroxene [(La/Yb)CN = 0.41] .
	Primitive mantle-normalised multi-elements plots of the Raspas eclogites are flat with the exception of
	large ion lithophile elements (LILE). Pb and Th show positive or negative anomalies depending on the
	rock lithologies (Fig. 2A). Ali eclogites exhibit negative Sr anomalies. 97Ce1, which does not contain
	phengite, is relatively depleted in Rb, Ba and Pb contrasting with the two ether eclogites (98RR4 and
	98RR6) which are enriched in Rb and Ba. ln addition, 98RR6 differs from the ether eclogites by higher

  . Relative motion of the Nazca (Farall6n) and South America plate since late Cretaceous times. Tectonics 6, 233-248.[START_REF] Reynaud | Oceanic plateau and island arcs of Southwestern Ecuador : their place in the geodynamic evolution of northwestern South America[END_REF]. Oceanic plateau and island arcs of Southwestern Ecuador: their place in the geodynamic evolution of northwestern South America. T ectonophysics, 307, 235-254.Sisson, V.B., Ertan , I.E., Avé Lallemant, H.G., 1997. High Pressure (== 2000 MPa) kyanite-and glaucophane-bearing pelitic schist and eclogite from Cordillera de la Costa Belt, Venezuela. J.

	Petrol. , 38, 65-83.

Snow, J.E.,

Hart, S.R., Dick, H.J.B., 1994. Nd and 

Sr isotope evidence linking mid-ocean-ridge basalts and abyssal peridotites .

Nature, 371, 57-60. Sun, S.S ., McDonough, W.F., 1989

. Chem ical and isotopie systematics of oceanic basalts; implications for mantle composition and processes. Geol. Soc.

Spec. Publ., 42, 

Staudigel, H., Park, K.H., Pringle, M., Rubenstone, J.L.,

Smith, W.H.F., Zindler, A., 1991

. The longevity of the South Pacifie isotopie and thermal anomaly. Earth Planet.

Sei. Lett., 102, 

  Trace element analyses (ppm) performed at the Laboratoire des Chaînes Alpines, Univ. Joseph Fourier (Grenoble, Ali isotopie data (2ÇJerror) are corrected for in situ decay assuming an age of 150 Ma(Litherland et al., 1994 ).• tNd; calculated With actual C 43 Nd/ 144 Nd)cHUR = 0.512638 and C 47 Sm/ 144 )CHuR = 0.1967(Wasserburg et al. , 1981 ).

	France).				
	206	,	207	,	20 8pbf 204

•

• Major and trace elements analyses performed at the Department of Geology and Research School of Earth Sciences, ANU.

• b Major(%) and Sc, V, Cr, Ni (ppm) analyses performed at the Laboratoire Pétrologie, Univ. Claude Bernard (Lyon, France). • c • d • Pb isotopie ratios measured with externat precision of ca. 100-150 ppm for the

Table 1 Minerais observed ln the studied metabasites.

 1 

	Sample	97Ce1	98RR4	98RR6	97Ce4A	97Ce13	97Ce18	98TH13	97Ce12	97Ce14	97Ce15
		eclogite	eclogile	eclogite	Grt amphib olile	amphibolile	Ep bearing	Ep bearing	Ep bearing	serpentinised	serpentinised
						~mel2!jabbro)	amehibolile	amehibolne	amehibolile		

~eridotite peridotite Qtz

Table 2 .

 2 Analytlcal data for selected lithologies of the Raspas Complex and neighbourlng terranes. Major and trace elements analyses performed at the Department of Geology and Research Scheel of Earth Sciences, ANU.

					Raspas formation: metabasites		
					Eclogite		Eclogite	Eclogite	Grt amphibolite
	Sampie number	97CE1	97CE1	97CE1	97CE1	98RR4	98RR6	97CE4A
				whole rock	Amphibole	Clinopyroxene Gamet	whoie rock	whole rock	whoierock
			Si0 2	49.6'	nd	nd	nd	47.05	50.41	47.57'
			Ti0 2	1.48	nd	nd	nd	1.2	2.45	0.46
			Al 2 0,	15.08	nd	nd	nd	15.2	16.95	17.11
			Fe203	12.44	nd	nd	nd	13.55	9.4	8.12
			MnO	0.21	nd	nd	nd	0.25	0.18	0.17
			MgO	7.58	nd	nd	nd	9.08	5.97	10.36
			CaO	10.68	nd	nd	nd	9.45	7.03	12.29
			Na20	2.32	nd	nd	nd	1.95	4.07	2.28
			K20	0.08	nd	nd	nd	0.95	0.87	0.08
			P20 s	0.15	nd	nd	nd	0.11	0.51	0.02
			LOI	0.31	nd	nd	nd	0.34	1.38	nd
			Total	100.01	nd	nd	nd	99.13	99.33	98.47
			Sc	75	nd	nd	nd	nd	nd	50
			v	602.2	nd	nd	nd	nd	nd	180.7
			Cr	172.61	nd	nd	nd	nd	nd	542.8
			Ni	58.67	nd	nd	nd	nd	nd	31.8
			Rb	0.55	0.14	1.3	nd	3.32	18.13	0.8
			Sr	88	28	9.21	nd	74.37	55.99	132
			Ba	22.ooe	9.82<	22'	nd	131.53	482.39	32.67<
			u	0. 17	0.01	0.07	nd	0.32	0.34	0.17
			Th	0.48	0.035	0.2	nd	0.37	0.35	bdl
			Pb	0.55	bdl	0.012	nd	0.67	3.28	9.83
			Hf	2.31	0.26	0.34	nd	2.34	2.04	0.39
			Zr	90.55	3.07	4.25	nd	84.04	74.32	10.73
			Ta	0.48	0.067	0.065	nd	0.33	0.31	0.02
			Nb	8.5	1.1	1.1 1	nd	5.27	5.09	0.29
			y	35.83	6.5	5.7	nd	32.52	29.95	13.44
			La	6.39	0.31	1.99	nd	4.69	4.612	0.91
			Ce	15.53	0.79	4.89	0.001 '	12.18	11.08	2.33
			Pr	2.29	0. 12	0.75	nd	1.93	1.802	0.41
			Nd	10.79	0.60	3.60	0.01	9.78	9. 18	2.4
			Sm	3.43	0.22	1.13	0.047	3.24	3. 119	1.03
			Eu	1.1 2	0.08	0.41	0.20	1.07	1.105	0.6
			Gd	3.91	0.37	1.53	0.80	4.29	4.64	1.43
			Tb	0.8	0.09	0.26	nd	0.80	0.78	0.3
			Dy	5.44	0.81	1.50	9.37	5.44	5.10	2.02
			Ho	1.21	0.22	0.27	nd	1.21	1.12	0.46
			Er	3.37	0.67	0.53	28.71	3.31	3.01	1.28
			Tm	0.53	0.09	0.05	nd	nd	nd	0.19
			Yb	3.54	0.55	0.24	40.6	3.40	3.09	1.21
			Lu	0.53	0.07	0.03	45.07	0.53	0.49	0.18
			87 Srt"Sr	0.706533-15 0.703938-14 0.704180-12	nd	nd	nd	0.705226-12
		(	87 Srt••sr)i"	0.70649	0.70391	0.70331				0.70519
		,.,Nd/' .. Nd	0.513074-05 0.513017-07 0.513039-11	nd	0.513143-05	0.512881-05	0, 513104-05
	{' 0 Ndl'.,.Nd)i"	0.51289	0.51280	0.51285		0.51295	0.51268	0.51285
			ENd,	+8.59	+6.92	+7.96		+9.79	+4.58	+7.89
	(	208 Pb/ 204 Pb )i"	38.249	nd	37.934	nd	38.020	38.803	38.273
	(	207 Pb/ 204 Pb )i"	15.561		15.505		15.513	15.663	15.598
	(	206 Pbt2D4Pb )i"	18.691		18.229		18.190	18.567	18.358
	•								
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  IntroductionAs described in detail in a previous chapter (Chapter 1 , Geology of the El Oro metamorphic complex)
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Representative microprobe analyses and structural formulae of metaperidotites: sample 99TH55. Table 9: Representative microprobe analyses and structural formulae of metaperidotites: sample TF794. Table 10: Representative microprobe analyses and structural formulae of metaperidotites with diopside-amphibole-chlorite bands: sample 99TH48 A & B. Table 11 : Representative microprobe analyses and structural formulae of metaperidotites with diopside-amphibole-chlorite bands: sample 99TH51 A & B. Table 12: Representative microprobe analyses and structural formulae of banded ultramafites with diopside-chlorite bands and olivine-rich bands: sample 99TH67 A & B. Table 13: Representative microprobe analyses and structural formulae of chlorite-bearing olivine-rich bands in banded ultramafites: sample 99TH47.

Table 14 :

 14 Representative microprobe analyses and structural formulae of chrysotile-bearing olivinerich bands in banded ultramafites: sample 99TH57.

Table 15 :

 15 Representative microprobe analyses and structural formulae of antigorite-bearing olivinerich bands in banded ultramafites: sample 99TH50.

Table 16 :

 16 Representative microprobe analyses and structural formulae of the El Toro amphibolites:

	sample 99TH56.

Table 17 :

 17 Representative microprobe analyses and structural formulae of the El Toro amphibolites:

	sample 99TH70.
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Whole rock chemistry of metaperidotites with diopside-amphibole-chlorite bands.

Table 19 :

 19 Whole rock chemistry of banded ultramafites.

Table 20 :

 20 Whole rock chemistry of amphibolites.

Table 1 :

 1 Primary and metamorphic minerais, texture and availa ble analytical data of the studied metaperidotites with diopside-amphibole-chlorite bands

	rock type				metaperidotites			
	sample	99TH45	99TH48-B	99TH49	99TH51-B	99TH 55	99TH72	TF794	EA68
	primary minerais 01-1	x	x	x	x	x	x	x	x

Table 2B :

 2B Primary and metamorphic minerais, texture and available analytical data of the studied banded ultramafites: olivine-rich bands

	rock type								olivine rich bands		
		Chl-bearina	Ctl-bearing						Atg-bearing
	sample	99TH47	99TH65	99TH 57	99TH 50	99TH71	9BTH4	9BTH5	99TH5B-C	99TH63-B	99TH53-C
	primary minerais										
	01 -1										

Table 3 :

 3 Metamorphic minerais, texture and available analytical data of the studied

	amphibolite dykes						
	rock type			zoisite bearing amphibolites		
	sample	99TH 56	99TH 59	99TH60	99TH61	99TH62	99TH70
	Cpx (Omp)						

Table 8 .

 8 Representative microprobe analyses and structural formulae.

				SAMPLE 99TH55: meta~eridotlte.			
	Mineral	Cpx-1(Di)	Cpx-2 (Di)	01-1	01-2	Spi (Chr)	Srp-2 (Atg)	Chi	Ti-Chu
	Anal:tsis	6	35	208	22	232	9	78	52
	Si0 2	51 .15	53.90	39.77	40.44	0.03	42.78	30.94	35.83
	Ti0 2	0.27	0.26	0.01	0.03	0.86	0.03	0.08	5.23
	A203	1.91	1.57	0.00	0.00	1.16	1.92	17.24	0 .01
	Cr20 3	2.88	0.45	0.04	0.02	60.41	0.40	1.14	0 .05
	FeO*	2.94	1.65	12.14	11.61	32.25	3.16	3.53	11 .21
	MnO	0.11	0.05	0.28	0.19	1.26	0.02	0.04	0.24
	NiO	0.04	0.03	0.32	0.30	0.10	na	na	0 .23
	MgO	17.86	17.04	47.26	47.74	2.20	38.55	32.85	45.50
	ZnO	na	na	0.00	na	0.79	na	na	0 .02
	CaO	21 .96	24.39	na	na	na	0.04	0.03	na
	Na20	0.83	0.37	na	na	na	na	0.04	na
	K 2 0	na	na	na	na	na	na	0.00	na
	Total	99.96	99.70	99.80	100.34	99.07	86.89	85.90	98.31
	Si	1.856	1.960	0.990	0.997	0.009	2.001	5.939	3.876
	Ti	0.007	0.007	0.000	0.000	0.1 94	0.001	0.012	0.425
	Al	0.082	0.067	0.000	0.000	0.407	0.106	3.901	0.001
	Cr	0.083	0.013	0.001	0.000	14.280	0.015	0.174	0.004
	Fe* Fe 3 + Fe 2 +	0.089 0.000	0.011 0.039	0.253	0.240	1.1 10 6.955	0.124	0.567	1.014
	Mn	0.003	0.002	0.006	0.004	0.320	0.001	0.007	0.022
	Ni	0.001	0.001	0.006	0.006	0.025	0.000		0.020
	Mg	0.966	0.924	1.753	1.754	0.978	2.688	9.398	7.334
	Zn			0.000	0.000	0.175			0.001
	Ca	0.854	0.951				0.002	0.007	
	Na	0.059	0.026					0.016	
	K	0.000	0.000					0.000	
	En%	53.08	48.28						
	Fs%	0.00	2.03						
	Wo%	46.92	49.69						
	X Mg			0.87	0.88			0.943	

Numbers of ions on the basis of . 6 oxygens and 4 cations for pyroxene; 4 oxygens for olivine; 32 oxygens for spinal; 7 oxygens for serpentine; 28 oxygens for chlorite; 17 oxygens for Ti-Ciinohumite.

Table 9 .

 9 Representative microprobe analyses and structural formulae

				SAMPLE TF794: meta~eridotite			
	Mineral	Op x	01-1	Spi (Fe-cromite) Srp-1 (Ctl)	Chi		Amph-1 (Tr)
	Analysis	11	56	66	16	6		average
	Si0 2	56.24	40.61	0.00	42.01	32 .85		57.10
	Ti0 2	0.03	0.01	0.78	0.00	0.01		0.04
	A1203	1.82	0.00	2.14	0.10	14.28		0.93
	Cr203	0.80	0.01	47.93	0.00	2.55		0.65
	FeO*	6.98	9.60	43.61	3.26	2.72		1.96
	MnO	0.17	0.12	0.91	0.05	0.02		0.07
	NiO	0.05	0.30	0.11	na	na		na
	MgO	33.90	49.20	2.32	40.33	33 .57		23.16
	ZnO	na	na	na	na	na		na
	CaO	0.26	na	na	0.05	0.02		12.68
	Nap	0.04	na	na	na	0.04		0.65
	K20	na	na	na	na	0.01		0.04
	Total	100.30	99.86	97.82	85.80	86.07		97.28
	Si Ti	1.940 0.001	0.997 0 .000	0.001 0.184	1.999 0.000	6.283 0.001	Si Al IV	7.854 0.146
	Al	0.074	0.000	0.787	0.005	3.221	Ti	0.000
	Cr	0.022	0 .000	11.818	0.000	0.385	SumT	8.000
	Fe* Fej•	0.025	0.197	3.210	0.130	0.435	Al v' Ti	0.005 0.004
	Fe"• Mn	0.1 77 0.005	0 .003	8.1 66 0.242	0.002	0.004	Cr Fej•	0.071 0.023
	Ni	0.001	0.006	0.028			Mg	4.748
	Mg	1.743	1.800	1.077	2.860	9.570	Fe"•	0.149
	Zn						Mn	0.000
	Ca	0.010			0.003	0.005	SumC	5.000
	Na	0.003				0.016	Mg	0.000
	K					0.003	Fe"•	0.053
							Mn	0.008
	En%	90.35					Ca	1.868
	Fs%	9.15					Na	0.071
	Wo%	0.50					SumB	2.000
							Na	0.103
	XMg	0.89	0.90			0.96	K	0.007
							SumA	0.110
							Total	15.110

Numbers of ions on the besis of: 6 oxygens end 4 cations for pyroxene; 4 oxygens for olivine; 32 oxygens for spinal; 7 oxygens for serpentine; 28 oxygens for chlorite; 23 oxygens end 8 cations (average efter ferrouslferric iron extimetion) for amphiboles.

Table 10 :

 10 representative microprobe analyses and structural formulae.

	Mineral	01-1	Spi	Srp-2	Chi		Amph-1	Amph-2
			spinel	antigorite			pargasite	rich te rite
	Anal:r:sis	281	297	25	15		average	average
	Si0 2	40.75	0.03	42.75	32.90		47.01	57.45
	Ti0 2	0.01	0.19	0.02	0.02		0.21	0.02
	A,zo3	0.01	10.33	2.96	14.95		10.96	0.86
	Cr203	0.04	52 .29	0.56	1.72		0.91	0.37
	FeO*	9.32	31.32	3.86	3.47		3.27	1.84
	MnO	0.15	1.06	0.05	0.04		0.08	0.11
	NiO	0.42	0.04	na	na		na	na
	MgO	49.34	3.09	37.05	32.61		19.50	23 .21
	ZnO	0.01	0.97	na	na		na	na
	CaO	na	na	0.03	0.03		12.47	9.54
	NazO	na	na	na	0.05		3.22	4.23
	K 2 0	na	na	na	0.01		0.13	0.07
	Total	100.04	99.30	87.27	85.80		97.75	97.72
	Si	0.998	0.007	1.996	6.313	Si	6.609	7.875
	Ti	0.000	0.040	0.001	0.003	Al'v	1.391	0.125
	Al	0.000	3.447	0.163	3.381	Ti	0.000	0.000
	Cr	0.001	11.702	0.021	0.261	SumT	8.000	8.000
	Fe*	0.191		0.151	0.558	Al v'	0.425	0.014
	Fe'•		0.803			Ti	0.022	0.003
	Fe 2 •		6.611			Cr	0.1 02	0.040
	Mn	0.003	0.253	0.002	0.007	Fe'•	0.103	0.083
	Ni	0.008	0.009	0.000		Mg	4.087	4.741
	Mg	1.800	1.302	2.578	9.325	Fe'•	0.258	0.113
	Zn	0.000	0.202			Mn	0.004	0.007
	Ca			0.002	0.007	SumC	5.000	5.000
	Na K				0.017 0.001	Mg Fe<•	0.000 0.024	0.000 0.016
						Mn	0.006	0.007
						Ca	1.879	1.401
						Na	0.091	0.577
						Sum B	2.000	2.000
						Na	0.849	0.548
	XM~	0.90			0.94	K	0.023	0.013
						SumA	0.872	0.561
						Total	15.872	15.560

SAMPLE 99TH48-A & -B: meta~eridotites {-B} with dio~side-am~hibole-chlorite bands {-A}.

Numbers of ions on the basis of : 6 oxygens and 4 cations for pyroxene; 4 oxygens for olivine; 32 oxygens for spinal; 7 oxygens for serpentine; 28 oxygens for chlorite; 23 oxygens and 13 or 8 cations (average after ferrouslferric iron extimation) for amphiboles.

Table 11 :

 11 Representative microprobe analyses and structural formulae .

	Mineral	Cpx-2	01-1	01-2	Spi (Mt)	Ti-Chu	Srp-2 (Atg)	Chi		Amph-1	Amph-2
										pargasite	Mg-katophorite
	Anal:iSis	24	12	44	10	28	32	37		average	average
	Si0 2	52.67	40.84	39.62	0.03	35.59	38.12	34.21		44.63	53.65
	Ti0 2	0 .37	0.02	0.00	0.80	5.40	0.04	0.00		1.23	0.09
	A203	4.43	0.00	0.00	0.02	0.01	7.81	12.50		13.71	3.10
	Cr203	0 .12	0.01	0 .00	0.90	0.02	0.49	0.31		0.13	0.20
	FeO*	3.43	11.99	13.87	92.01	14.26	3.91	4.64		4 .82	2.98
	MnO	0.12	0.17	0.22	0.08	0.38	0.09	0.05		0.09	0.05
	NiO	0.05	0.32	0.28	0.27	0.20	na	na		na	na
	MgO	15.82	47 .41	46.04	0.40	42.92	35.58	35.57		17.93	22.43
	ZnO	na	0.00	0.01		0.01	na	na		na	na
	CaO	22.33	na	na		na	0.05	0.01		11 .52	9.40
	Nap	0.66	na	na		na	na	0.11		3.77	5.52
	KP	0.00	na	na		na	na	0.02		0.10	0.21
	Total	100.00	100.76	100.04	94.50	98.79	86.07	87.43		97.94	97.64
	Si	1.914	1.003	0.991	0.013	3.885	1.814	6.474	Si	6.291	7.491
	Ti	0.010	0.000	0.000	0.239	0.443	0.001	0.000	Al'v	1.709	0.509
	Al	0.190	0.000	0.000	0.008	0.001	0.438		Ti	0.000	0.000
	Cr Fe*	0.004	0.000 0.246	0.000 0.290	0.283	0.002 1.302	0.018 0.156	0.047 0.735	SumT Al VI	8.000 0.570	8.000 0.002
	Fe"• Fe~•	0.004 0.100			15.457 15.251				Ti Cr	0.131 0.014	0.009 0.022
	Mn	0.004	0.003	0.005	0.027	0.035	0.003	0.009	Fe"'	0.214	0.012
	Ni	0.002	0.006	0.006	0.085	0.018	0.000		Mg	3.767	4.668
	Mg	0.857	1.736	1.717	0.239	6.983	2.523	10.031	Fe ~•	0.301	0.287
	Zn		0.000	0.000		0.001			Mn	0.003	0.000
	Ca	0.870					0.002	0.002	SumC	5.000	5.000
	Na	0.046						0.041	Mg	0.000	0.000
	K	0.000						0.006	Fe~•	0.056	0.049
									Mn	0.008	0.006
	En%	46.91							Ca	1.740	1.407
	Fs%	5.49							Na	0.196	0.539
	Wo%	47.60							SumB	2.000	2.000
									Na	0.834	0.956
	X Mg		0.88	0.86				0.93	K	0.017	0.038
									SumA	0.851	0.994
									Total	15.851	15.994

SAMPLE 99TH51-A & -8: meta~eridotites {-B) with dio~s ide-am~hibole-chlorites bands {-A).

Numbers of ions on the ba sis of : 6 oxygens and 4 cations for pyroxene; 4 oxygens for olivine; 32 oxygens for spinel;

Table 12 :

 12 Representative microprobe analyses and structural formulae .

SAMPLE 99TH67-A & -8: diO!;!Side-

chlorite bands (•A} and olivine-rich bands (-8} in banded ultramafites.

  

	Mineral	Cpx-2	01-1	01-2	Spi (Fe-Cromite)	Ti-Chu	Srp-2 (Atg)	Chi
	Analysis	82	256	270	235	11	31	60
	Si0 2	55.20	40.16	39 .33	0.01	35.09	41.93	32.85
	Ti0 2	0.05	0.05	0.00	1.36	5.45	0.05	0.02
	A1203	0.08	0.00	0.00	1.60	0.00	2.02	14.29
	Cr203	0.05	0.04	0.02	48.99	0.01	0.35	0.29
	FeO*	1.39	10.57	14.05	42.60	13.89	5.52	4.19
	MnO	0.04	0.19	0.33	1.49	0.36	0.08	0.00
	NiO	0.05	0.38	0.40	0.13	0.22	na	na
	MgO	17.81	48.34	45.15	1.35	43.27	36.95	34.40
	ZnO	na	0.07	0.00	0.82	0.01	na	na
	CaO	25.42	na	na	na	na	0.03	0.08
	Na 2 0	0.16	na	na	na	na	na	0.20
	K20	na	na	na	na	na	na	0.01
	Total	100.24	99 .80	99.28	98.33	98.30	86.93	86.33
	Si	1.995	0.993	0.994	0 .002	3.849	1.987	6.283
	Ti	0.001	0.001	0.000	0.318	0.449	0.002	0.004
	Al	0.004	0.000	0.000	0.589	0.000	0.113	
	Cr	0.001	0.001	0.000	12.081	0.001	0.013	0.043
	Fe*		0.219	0.297		1.274	0.219	0.670
	Fe"•	0.014			3.010			
	Fel•	0.027			8.103			
	Mn	0.001	0.004	0.007	0.393	0.034	0.003	0.000
	Ni	0.001	0.008	0.008	0.032	0 .019	0.000	
	Mg	0.959	1.781	1.700	0.629	7.074	2.610	9.804
	Zn		0.001	0.000	0.189	0.001		
	Ca	0.984					0.001	0.016
	Na	0.011						0.073
	K							0.003
	En%	48.668						
	Fs%	1.393						
	Wo%	49.940						
	XM~		0.89	0.85				0.94

Numbers of ions on the basis of: 6 oxygens and 4 cations for pyroxene; 4 oxygens for olivine; 32 oxygens for spinal; 7 oxygens for serpentine; 28 oxygens for chlorite; 17 oxygens for Ti-Ciinohumite.

Table 13 :

 13 Representative microprobe analyses and structural formulae .

SAMPLE 99TH47: Chlorite-bearin9 olivine rich-bands in banded ultramafites

  

	Mineral	01-1 core	01-1 rim	Spi (Fe-Cromite) Spi (Spinel s.s.)	Chi
	Analysis	100	98	104	79	31
	Si0 2	40.20	39.89	0 .04	0.01	30.99
	Ti0 2	0.04	0.03	1.52	0.07	0.04
	A1203	0.00	0.00	0.40	37.50	19.10
	Cr 2 0 3	0.02	0.03	47.99	27.43	0.86
	FeO*	10.18	11 .26	44.74	21 .13	3 .01
	MnO	0.17	0.22	1.06	0.47	0.02
	NiO	0.31	0.31	0.17	0.10	
	MgO	48.80	48.02	1.72	12.30	32.21
	ZnO	0.00	0.00	0.46	0 .33	
	CaO					0.02
	Na 2 0					0.04
	K 2 0					0.00
	Total	99.72	99.76	98.10	99.35	86 .29
	Si	0 .992	0.989	0.014	0 .003	5.886
	Ti	0.001	0.001	0.362	0.013	0.006
	Al	0.000	0.000	0.148	10.425	
	Cr	0.000	0.001	11.979	5 .113	0.128
	Fe*	0.210	0.233			0.477
	Fe 3 +			3.498	0.446	
	Fe 2 +			8.317	3.721	
	Mn	0.003	0.005	0 .284	0.094	0.003
	Ni	0.006	0.006	0.044	0.019	
	Mg	1.794	1.775	0 .811	4.323	9 .1 15
	Zn	0 .000	0.000	0.106	0.058	
	Ca					0 .003
	Na					0 .016
	K					0 .000
	X Mg	0 .90	0.88			0 .95

Numbers of ions on the basis of: 4 oxygens for olivine; 32 oxygens for spinel; 28 oxygens for chlorite.

Table 14 :

 14 Representative microprobe analyses and structural formulae .

SAMPLE 99TH57: Ch!:ïsotile-bearing olivine-rich bands in banded ultramafites

  

	Mineral	01-1	Srp-1 (CU)	Chi	Spi (Fe-Cromite)	Ti-Chu	Cpx-2	01-2
	Analysis	137	35	14	182	15 (vein}	7 (Di, vein}	172 (vein}
	Si0 2	40.26	38.07	32.32	0.03	35.64	53.29	39 .68
	Ti0 2	0.02	0.01	0.03	0.62	5.43	0 .22	0 .00
	A1203	0.00	0.03	12 .72	4.10	0.00	5.02	0 .00
	Cr203	0.03	0.01	2 .94	51 .82	0.02	0.49	0.02
	FeO*	9.91	7.50	3.99	38.59	12.78	2.08	12.95
	MnO	0.15	0.10	0.02	1.38	0.34	0.08	0.32
	NiO	0.34	0.25	na	0.05	0.19	0.04	0.33
	MgO	49.07	39.20	34.42	2.27	44.64	15.54	46.67
	ZnO	0.01	na	na	0.90	0.00	na	0 .05
	CaO	na	0.02	0.07	na	na	21.92	na
	Nap	na	na	0.18	na	na	1.34	na
	K20	na	na	0.01	na	na	na	na
	Total	99.80	85.19	86.70	99.75	99.05	100.02	100.03
	Si	0.991	1.887	6.216	0.009	3.856	1.923	0.990
	Ti	0.000	0.000	0.005	0 .1 38	0.441	0.006	0.000
	Al	0.000	0.002	2.884	1.442	0.000	0.214	0.000
	Cr	0.001	0.001	0.448	12.226	0 .002	0.014	0.000
	Fe*	0.204	0.311	0.642		1.157		0.270
	Fe"•				2 .183		0.009	
	Fel•				7.448		0.054	
	Mn	0.003	0.004	0.004	0.349	0.032	0.002	0.007
	Ni	0.007	0.010		0 .011	0.016	0 .001	0 .007
	Mg	1.801	2.896	9.866	1.012	7.197	0.836	1.735
	Zn	0.000			0 .198	0.000		0.001
	Ca		0.001	0.014			0.847	
	Na			0.07			0.094	
	K			0.00			0.000	
	En%						48.11	
	Fs%						3.12	
	Wo%						48.77	
	XMq	0.90		0.94				0.87

Numbers of ions on the basis of: 6 oxygens and 4 cations for pyroxene; 4 oxygens for olivine; 32 oxygens for spinal; 7 oxygens for serpentine; 28 oxygens for chlorite; 17 oxygens for Ti-Ciinohumite.

Table 15 :

 15 Representative microprobe analyses and structural formulae .

SAMPLE 99TH 50: Antigorite-bearlng olivine-rich bands ln banded ultramafltes

  

	Mineral	01-1	01-2	Spi (Fe-Cromite)	Spi (Spinel s.s.)	Srp-1 (Ctl)	Srp-2 (Atg)	Chi
	Anal:z:sis	3	51	65	69	51	40	53
	Si0 2	41.28	40.50	0.06	0.01	41.30	42.62	33.20
	Ti0 2	0.01	0.03	0.84	0.30	0.02	0.02	0.06
	A203	0.01	0.00	4.69	26.17	0.03	1.36	13.44
	Cr203	0.00	0.02	49.78	39.78	0.03	0.67	0.98
	FeO*	8.94	12.10	39.53	22.16	4.28	3.55	3.93
	MnO	0.14	0.29	1.35	0.65	0.07	0.01	0.03
	NiO	0.30	0.39	0.10	0.11	0.07	0.09	na
	MgO	49.71	47.08	1.93	10.26	40.54	39.08	34.04
	ZnO	0.06	0.00	0.93	0.25	na	na	na
	CaO	na	na	na	na	0.07	0.05	0.04
	NaP	na	na	na	na	na	na	0.45
	K 2 0	na	na	na	na	na	na	0.00
	Total	100.44	100.41	99.20	99.69	86.41	87.46	86.17
	Si	1.004	1.001	0.017	0.003	1.968	1.991	6.370
	Ti	0.000	0.001	0.189	0.056	0.001	0.001	0.008
	Al	0.000	0.000	1.660	7.619	0.002	0.075	3.041
	Cr	0.000	0.000	11.821	7.767	0.001	0.025	0.149
	Fe* Fe 3 '	0.182	0.250	2.313	0.555	0.170	0.139	0.631
	Fé'			7.616	4.021			
	Mn	0.003	0.006	0.342	0.136	0.003	0.000	0.006
	Ni	0.006	0.008	0.025	0.022	0.003	0.003	
	Mg	1.801	1.733	0.863	3.775	2.879	2.721	9.732
	Zn	0.001	0.000	0.207	0.046			
	Ca					0.004	0.003	0.008
	Na							0.166
	K							0.001
	X Mg	0.91	0.87					0.94

Numbars of ions on the basis of : 4 oxygens for olivine; 32 oxygans for spinal; 7 oxygens for serpentine; 28 oxygans for chlorita.

Table 16 :

 16 Representative microprobe analyses and structural formulae of the El Toro amphibolites.

SAMPLE 99TH56:

zoisite bearing am~hibolite

  

	Mineral	Omphacite	Zoisite			Am~hiboles	
					unzoned	zoned	
					Pargasite	Mg-taramite	Pargasite
	Analysis	19	13		average	average core	average rim
	Si0 2	56.37	37.04		43.72	42.52	43.62
	Ti0 2	0.14	2.24		0.18	0.61	0.08
	A,203	10.08	17.79		13.39	16.28	13.06
	Cr 2 0 3	0.18	0.12		0.15	0.06	0.08
	Fe203c		3.04				
	FeO*	2.52	2.73		10.09	10.56	9.71
	MnO	0.07	0.17		0.18	0.20	0.20
	MgO	9.91	1.18		13.93	11 .72	14.23
	ZnO						
	CaO	14.83	33.93		10.42	8.16	10.43
	Na 2 0	6.32	1.03		4.51	5.56	4.53
	K20	0.00	0.01		0.18	0.17	0.17
	Total	100.42	96.54		96 .74	95.84	96.11
	Si	1.985	3.052	Si	6.391	6.253	6.405
	Ti	0.004	0.139	Al' v	1.609	1.747	1.595
	Al	0.419	1.727	Ti	0.000	0.000	0.000
	Cr	0.005	0.008	SumT	8.000	8.000	8.000
	Fe* FeJ•	0.030	0.188	Al v' Ti	0.698 0.019	1.077 0.067	0.666 0.009
	Fe'•	0.044		Cr	0.018	0.008	O.Q10
	Mn	0.002	0.012	Fe"•	0.229	0.251	0.263
	Ni			Mg	3.034	2.569	3.115
	Mg	0.520	0.145				

Table 17 :

 17 Representative microprobe analyses and structural formulae of the El Toro amphibolites.

			SAMPLE 99TH70: zoislte bearing am~hlbollte		
	Mineral	Omphacite	Gamet	Zoisite			Am~hiboles	
					unzoned	zoned	
					Pargasite	Mg-taramite	Pargasite
	Anal ~sis	46	44	40	39		50 core	60rim
	SiO,	56.38	39.07	37 .14		43.51	43.94	42.39
	Ti0 2	0.13	0.72	3.09		0.26	0.22	0.28
	ft,,O,	8.83	17.37	16.58		14.25	14.63	14.65
	Cr,0 3	0.08	0.11	0.04		0.09	0.01	0.15
	Fe203c			3.54				
	FeO'	5.04	6.72	3.18		11 .04	11 .24	11 .44
	MnO	0.16	1.51	0.20		0.23	0.29	0.26
	MgO	8.89	0.11	0.85		12.49	12.2 1	12.28
	CaO	14.52	33.39	33 .28		9.79	9.50	9.62
	Na,O	6.54	0.02	1.28		4 .83	4.95	4 .77
	K,O	0.00	0.00	0.02		0.1 7	0.19	0.22
	Total	100.56	99.01	96 .03		96 .66	97 .19	96 .07
	Si	2.000	6.066	3.082	Si	6.394	6.403	6.270
	Ti	0.003	0.084	0.193	Al IV	1.606	1.597	1.730
	Al	0.369	3.179	1.622	Ti	0.000	0.000	0.000
	Cr	0.002	0.014	0.003	SumT	8.000	8.000	8.000
	Fe'				A lVI	0.863	0.917	0.825
	Fe,.	0.072	0.515	0.221	Ti	0.029	0.024	0.031
	Fe'•	0.077	0.357		Cr	O.ü10	0.002	0.017
	Mn	0.005	0.199	0.014	Fe'•	0.138	0.227	0.306

Table 18 :

 18 Whole rock chemistry of metaperidotites with diopside-amphibole-chlorite bands

					Di-amph-chl
			Metaeeridotites	bands
	sample		99TH51-B	99TH 55	99TH51-A
	Si02	wt-%	40.41	41.86	42.67
	Ti02	wt-%	0.05	0.07	0.95
	Al203	wt-%	2.88	1.48	8.73
	Cr203	wt-%	0.41	0.53	0.14
	Fe203	wt-%	10.00	8.60	4.84
	MnO	wt-%	0.13	0.14	0.08
	NiO	wt-%	0.32	0.31	0.15
	MgO	wt-%	37.03	38 .84	24.89
	CaO	wt-%	2.05	5.51	10.04
	Na20	wt-%	0.48	0.00	1.57
	K20	wt-%	0.02	0.00	0.13
	P205	wt-%	0.01	0.01	0.01
	LOI	wt-%	6.07	2.60	5.70
	Total	wt-%	99 .87	99.95	99.90
	Ga	ppm	4	2	9
	Zn	ppm	47	52	27
	Cu	ppm	<2	239	55
	Ni	ppm	1462	1463	734
	Co	ppm	139	122	54
	Cr v s	ppm ppm ppm	3256 78 <3	4851 76 <3	1105 172 <3
	Sc	ppm	34	87	90
	As	ppm	<3	<3	4
	Rb	ppm	nd	0.02	0.31
	Sr	ppm	nd	15.51	49.76
	y	ppm	nd	1.46	11.56
	Zr	ppm	nd	1.05	17.56
	Nb	ppm	nd	0.02	0.22
	Cs	ppm	nd	0.05	0.42
	Ba	ppm	nd	0.42	2.33
	La	ppm	nd	0.02	0.23
	Ce	ppm	nd	0.10	1.39
	Pr	ppm	nd	0.02	0.35
	Nd	ppm	nd	0.18	2.56
	Sm	ppm	nd	0.09	1.13
	Eu	ppm	nd	0.05	0.45
	Gd	ppm	nd	0.19	1.76
	Tb	ppm	nd	0.04	0.32
	Dy	ppm	nd	0.28	2.25
	Ho	ppm	nd	0.06	0.46
	Er	ppm	nd	0.17	1.24
	Tm	ppm	nd	0.02	0.17
	Yb	ppm	nd	0.15	0.97
	Lu	ppm	nd	0.02	0.15
	Hf	ppm	nd	0.05	0.72
	Ta	ppm	nd	0.00	0.02
	Pb	ppm	nd	0.50	0.33
	Th	ppm	nd	0.00	0.00
	u	ppm	nd	0.00	0.01

Table 19 :

 19 Whole rock chemistry of banded ultramafites

																~~	=	
					Amphibole-diopside-chlorite bands						Olivine-rich bands			
	sample		99TH53-A	99TH53-B	99TH58-8	99TH63-A	99TH44-B	99TH52-A 99TH64-A	99TH67	99TH47	99TH 57	99TH 50	99TH58-C 99TH63-B	99TH44-A	99TH52-B	99TH64-8
	Si02	wt-%	40.64	41.40	40.71	47.19	41.35	41.91	39.14	39.29	38.47	38.89	39.44	38.58	40.17	39.52	39.89	39.81
	Ti02	wt-%	0.04	0.03	0.04	0.08	0.10	0.18	0.05	0.05	0.03	0.02	0.02	0.05	0.03	0.03	0.04	0.03
	Al203	wt-%	8.50	2.08	4.81	5.60	8.03	8.42	9.75	1.50	1.19	1.05	0.92	1.79	1.98	1.67	1.96	1.66
	Cr203	wt-%	0.29	0.39	0.38	0.26	0.18	0.13	0.28	0.48	0.65	0.46	0.43	0.56	0.33	0.38	0.42	0.45
	Fe203	wt-%	4.67	9.38	6.74	4.01	4.08	4.37	4.72	10.70	11.28	11.32	9.72	11 .32	9.24	9.87	8.50	9.52
	MnO	wt-%	0.04	0.15	0.08	0.05	0.04	0.07	0.05	0.18	0.16	0.18	0.14	0.16	0.20	0.15	0.11	0.15
	NiO	wt-%	0.23	0.31	0.28	0.17	0.14	0.13	0.16	0.32	0.33	0.36	0.35	0.39	0.32	0.32	0.31	0.37
	MgO	wt-%	31.24	38.75	36.85	26 .65	28.21	25.82	29.30	40.95	46.29	45.72	43.97	44.48	39.54	40.27	38.83	40.08
	CaO	wt-%	3.71	1.81	2.97	6.57	9.87	11.88	7.54	0.12	0.08	0.27	0.10	0.30	0.36	0.06	0.18	0.05
	Na20	wt-%	1.53	0.64	0.67	3.83	0.14	0.19	0.12	0.00	0.00	0.00	0.00	0.06	0.15	0.00	0.00	0.00
	K20	wt-%	0.05	0.02	0.03	0.20	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.02	0.00	0.00	0.00
	P205	w t-%	0.01	0.01	0.01	0.01	0.01	0.01	0.01	0.01	0.01	0.01	0.01	0.01	0.01	0.01	0.01	0.01
	LOI	wt-%	8.99	4.86	6.31	5.44	7.80	6.69	8.80	6.25	1.55	1.80	4.87	2.12	7.45	7.69	9.78	7.78
	Total	wt-%	99.94	99.83	99.88	100.04	99.94	99.79	99.93	99.84	100.05	100.08	99.97	99.83	99 .81	99.96	100.02	99.90
	Ga	ppm	8	3	4	7	7	6	6	3	3	2	2	3	4	2	3	
	Zn	ppm	33	50	32	26	21	25	27	55	56	66	49	69	45	42	43	
	Cu	ppm	<2	<2	120	<2	30	5	<2	7	50	<2	<2	<2	<2	<2	<2	51
	Ni	ppm	1066	1447	1198	764	620	664	771	1543	1760	1889	1591	1968	1414	1412	1244	
	Co	ppm	70	131	101	56	52	47	68	154	147	151	144	157	138	143	122	
	Cr v s	ppm ppm ppm	2566 119 <3	3187 57 <3	3248 97 <3	1841 68 <3	1287 125 <3	997 123 <3	2411 80 <3	4049 49 <3	6733 44 <3	4684 26 <3	3514 34 <3	4890 38 <3	2964 41 <3	3136 58 <3	3214 70 <3	<3
	Sc	ppm	55	56	64	48	98	90	66	22	14	4	26	8	<2	17	40	
	As	ppm	<3	5	4	6	4	<3	7	<3	6	6	4	7	6	5	<3	
	Rb	ppm	0.17	0.15	0.30	nd	0.19	nd	nd	0.05	0.03	nd	nd	nd	nd	nd	nd	nd
	Sr	ppm	20 .31	9.34	15.63	nd	21 .12	nd	nd	0.92	0.31	nd	nd	nd	nd	nd	nd	nd
	y	ppm	1.22	0.69	1.13	nd	4.07	nd	nd	0.46	0.08	nd	nd	nd	nd	nd	nd	nd
	Zr	ppm	0.97	0.28	1.69	nd	4.05	nd	nd	0.55	0.06	nd	nd	nd	nd	nd	nd	nd
	Nb	ppm	0.01	0.01	0.03	nd	0.04	nd	nd	0.21	0.03	nd	nd	nd	nd	nd	nd	nd
	Cs	ppm	0.50	0.43	0.70	nd	0.54	nd	nd	0.13	0.02	nd	nd	nd	nd	nd	nd	nd
	Ba	ppm	1.56	3.10	1.10	nd	1.5 1	nd	nd	0.80	0.26	nd	nd	nd	nd	nd	nd	nd
	La	ppm	0.02	0.02	0.04	nd	0.13	nd	nd	0.06	0.01	nd	nd	nd	nd	nd	nd	nd
	Ce	ppm	0.11	0.06	0.16	nd	0.53	nd	nd	0.12	0.02	nd	nd	nd	nd	nd	nd	nd
	Pr	ppm	0.02	0.01	0.03	nd	0.11	nd	nd	0.02	0.00	nd	nd	nd	nd	nd	nd	nd
	Nd	ppm	0.18	0.08	0.22	nd	0.72	nd	nd	0.09	0.01	nd	nd	nd	nd	nd	nd	nd
	Sm	ppm	0.09	0.04	0.09	nd	0.31	nd	nd	0.03	0.01	nd	nd	nd	nd	nd	nd	nd
	Eu	ppm	0.06	0.03	0.06	nd	0.20	nd	nd	0.01	0.00	nd	nd	nd	nd	nd	nd	nd
	Gd	ppm	0.16	0.07	0.15	nd	0.52	nd	nd	0.04	0.01	nd	nd	nd	nd	nd	nd	nd
	Tb	ppm	0.03	0.01	0.03	nd	0.10	nd	nd	0.01	0.00	nd	nd	nd	nd	nd	nd	nd
	Dy	ppm	0.23	0.11	0.20	nd	0.75	nd	nd	0.06	0.01	nd	nd	nd	nd	nd	nd	nd
	Ho	ppm	0.05	0.03	0.05	nd	0.15	nd	nd	0.02	0.00	nd	nd	nd	nd	nd	nd	nd
	Er	ppm	0.14	0.09	0.13	nd	0.41	nd	nd	0.06	0.01	nd	nd	nd	nd	nd	nd	nd
	Tm	ppm	0.02	0.02	0.02	nd	0.05	nd	nd	0.01	0.00	nd	nd	nd	nd	nd	nd	nd
	Yb	ppm	0.15	0.11	0.13	nd	0.27	nd	nd	0.11	0.03	nd	nd	nd	nd	nd	nd	nd
	Lu	ppm	0.03	0.02	0.02	nd	0.04	nd	nd	0.02	0.01	nd	nd	nd	nd	nd	nd	nd
	Hf	ppm	0.04	0.01	0.06	nd	0.17	nd	nd	0.01	0.00	nd	nd	nd	nd	nd	nd	nd
	Ta	ppm	0.00	0.00	0.00	nd	0.00	nd	nd	0.01	0.00	nd	nd	nd	nd	nd	nd	nd
	Pb	ppm	0.44	0.19	0.41	nd	0.15	nd	nd	0.13	0.10	nd	nd	nd	nd	nd	nd	nd
	Th u	ppm ppm	0.00 0.00	0.00 0.00	0.00 0.01	nd nd	0.00 0.00	nd nd	nd nd	0.01 0.00	0.00 0.00	nd nd	nd nd	nd nd	nd nd	nd nd	nd nd	nd nd

Table 20 :

 20 Whole rock chemistry of amphibolites.

	sample		99TH 56	99TH 59	99TH60	99TH61	99TH62	99TH70
	Si02	wt-%	42.60	42.73	43.40	43.13	43.78	42 .33
	Ti02	wt-%	0.33	0.34	1.39	0.24	1.14	0.94
	Al203	wt-%	13.52	13.20	10.85	12.51	10.54	13.42
	Cr203	wt-%	0.14	0.15	0.09	0.15	0.10	0.06
	Fe203	wt-%	9.59	10.43	10.98	8.85	11.78	9.86
	MnO	wt-%	0.15	0.15	0.23	0.1 4	0.22	0.21
	NiO	wt-%	0.06	0.07	0.03	0.08	0.04	0.06
	MgO	wt-%	14.87	15.09	12.40	17.40	13.54	11.79
	CaO	wt-%	10.98	11.29	15.02	10.67	12.96	14.57
	Na20	wt-%	4.15	4.13	3.32	3.82	3.54	3.40
	K20	wt-%	0.15	0.23	0.24	0.19	0.25	0.29
	P205	wt-%	0.01	0.01	0.01	0.01	0.01	0.06
	LOI	wt-%	2.57	2.17	2.05	2.55	2.19	2.36
	Total	wt-%	99.11	99 .97	100.00	99 .74	100.10	99.34
	Ga	ppm	7	7	6	7	6	10
	Zn	ppm	68	71	63	47	69	52
	Cu	ppm	128	132	662	79	251	348
	Ni	ppm	411	439	219	505	247	448
	Co	ppm	67	65	52	58	60	55
	Cr v s	ppm ppm ppm	1073 158 <3	1238 175 <3	651 279 <3	1176 147 <3	755 291 <3	485 232 <3
	Sc	ppm	70	70	65	70	80	52
	As	ppm	5	4	<3	6	<3	6
	Rb	ppm	0.47	nd	nd	0.40	0.96	1.13
	Sr	ppm	111 .61	nd	nd	85.92	85.45	75.32
	y	ppm	13.18	nd	nd	8.38	27.38	31.55
	Zr	ppm	7.60	nd	nd	7.68	70.11	39.96
	Nb	ppm	0.06	nd	nd	0.07	3.08	0.70
	Cs	ppm	0.90	nd	nd	0.41	1.67	2.97
	Ba	ppm	11.46	nd	nd	11.24	38 .66	15.48
	La	ppm	0.60	nd	nd	0.17	1.66	2.59
	Ce	ppm	1.86	nd	nd	0.79	4.56	7.36
	Pr	ppm	0.32	nd	nd	0.16	0.83	1.21
	Nd	ppm	2.01	nd	nd	1.17	5.48	7.15
	Sm	ppm	0.83	nd	nd	0.55	2.30	2.64
	Eu	ppm	0.58	nd	nd	0.37	0.95	1.29
	Gd	ppm	1.42	nd	nd	1.00	3.68	4.13
	Tb	ppm	0.27	nd	nd	0.20	0.68	0.77
	Dy	ppm	2.06	nd	nd	1.48	4.81	5.56
	Ho	ppm	0.45	nd	nd	0.32	1.01	1.20
	Er	ppm	1.27	nd	nd	0.91	2.78	3.43
	Tm	ppm	0.19	nd	nd	0.13	0.40	0.50
	Yb	ppm	1.15	nd	nd	0.77	2.44	3.01
	Lu	ppm	0.17	nd	nd	0. 12	0.38	0.47
	Hf	ppm	0.33	nd	nd	0.29	2.18	1.37
	Ta	ppm	0.01	nd	nd	0.01	0.33	0.09
	Pb	ppm	1.04	nd	nd	0.42	1.12	1.23
	Th	ppm	0.01	nd	nd	0.00	0.07	0.06
	u	ppm	0.01	nd	nd	0.00	0.03	0.04

4.7 Conclusions ReferencesTable captions .

 captions 

		CHAPTER4
	TABLE OF CONTENTS
	4.1 Introduction	
	4.2 Petrography	
	4.2.1 Eclogites	
	4.2.2 Gamet amphibolites	
	4.2.3 Blueschists	
	ECUADOR) : PETROLOGY AND METAMORPHIC 4.2.4 Timing of ductile deformation versus mineral growth
	4.3 Whole-rock chemistry	EVOLUTION.
	4.4 Mineral chemistry .	
	4.4. 1 Gamet	
	4.4.2 Clinopyroxene	
	4.4.3 Amphibole.	
	4.4.4 White mica.	
	4.4.5 Epidote	
	4.4.6 Other minerais	
	4.5 Geothermobarometry	
	4.5.1 Thermometry in eclogites	
	4.5.2 Thermometry in gamet amphibolites
	4.5.3 Barometry in eclogites	

4.6 Metamorphic evolution

4.6.1 Prograde stage 4.6.2 P-T conditions at metamorphic peak 4.6.3 Decompression at decreasing temperatures 4. 6.4 Amphibole as a tracer of the P-T evolution.

Table captions Table 1 .

 captions1 Mineral assemblages of the analysed samples. Abbreviations followKretz (1983), except W.M. (white mica).

Table 2 .

 2 Whole-rock chemistry of the metabasites from the Raspas Complex.

Table 3 .

 3 Representative microprobe analyses and structural formulae of garnet from the Raspas metabasites.

Table 4 .

 4 Representative microprobe analyses and structural formulae of clinopyroxene from Raspas metabasites.

Table 5 .

 5 Representative microprobe analyses and structural formulae of amphibole from the Raspas metabasites.

Table 6 .

 6 

Table 11 .

 11 Geothermometric calculations for the Raspas eclogites and garnet-amphibolites based on the FeMg_ 1 exchange between garnet and amphibole, following the formulations of Graham & Powell
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							eclogites								B!!!!et-aml!hibolites			blueachists
	sam_pJe	97CE1	9BRR3	98RR4	9 8RR5	98RR6	9B RRB	99RRB	99RR15	98RR 16	99RR17	99RR24	99RR29	97CE4a 98RR15a 99RR16	99RR1 1	99RR12	99RR13	99RR14	99RR27	99RR28
	inclusions within gamet																					
	Ttn		core	core	x	x	core			x		x	x								x	x
	RI		x	rim	x	x	x	x	x	x	x	x	x	x	x	x		x	x		x	x
	Epi s i		x	x	x		x		x	x	x		x	Czo	x	x	x	x	x	x	x	x	i
	Epi aggre gates (Lws?)			core						x												
	blue-green Amp		x																				i
	b lue Amp																					
	Ab aggregales (Jd?)									x				x								
	OIZ		x				x	x				x	x	x	x		x	x	x	x		
	Cc																						1
	Zircon					x																
	Cpx																					
	Apal ile		x																			
	W.M.		x		x	x				x												
	matrix phases																					
	QIZ	x	x			x	x	x		x	x	x	x		x	x				x	x	x
	WM		x	x		x	x	x		x		x			x						x	x
	Grt	x	x	x	x	x	x	x	x	x	x	x	x	x	x	x	x	x	x	(x)	x	x
	Omp	x	x	x	x	x	x	x	(x)	x	(x)	x	x									
	blgrAmp	x	x	x	x	x	x	x	x	x	x	x	x	x	x	x	x	x	x	x	core	core
	bi Amp																				rim	rim
	Epi si	x	x	x	x	x	x	x	Czo	Czo	Czo	x	(x)	Czo	Czo	Czo-Epi	Czo	Czo	Czo	Czo	Epi	Epi
	RI	x	x	x	x	x	x	x	x	x	x	x	x	(x)	x	x	x	(x)	x	x	x	x
	Opaques			x		x				x												
	Apatite									x											x	x
	Ab																				x	
	retro grade phases																					
	Chi																					
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	lithology	eclo ites
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 5 Representative anal~ses of amphiboles from Raspas metabas~es

	l~hology	ecl iles

Table 6 .

 6 Reeresentative anal~ses of white mica from Raseas metabasites

	lithology			eclogites			blueschist
	sample	98RR3	98RR4	98RR6	98RR16	99RR27
		phengite	phengite	phengite	paragonite	phengite	paragonite	phengite
	analysis	33	87	65	86	47	77	162
	Si02	51.72	50.84	49.62	46.31	49.92	49.35	49.86
	Ti0 2	0.56	0.55	0.60	0.32	0.52	0.11	0.42
	AI203	28.26	28.27	28.82	39.19	29.55	39.18	27.62
	Cr203	0.03	0.08	0.03	0.03	0.07	0.03	0.04
	FeO*	1.90	1.90	1.87	0.31	1.75	0.44	2.98
	MnO	0.02	0.00	0.00	0.00	0.00	0.02	0.00
	MgO	3.46	3.31	3.21	0.26	3.02	0.20	3.02
	CaO	0.02	0.02	0.00	0.22	0.02	0.31	0.00
	Na20	0.80	0.87	1.18	7.19	1.22	6.75	0.73
	K20	9.36	9.64	8.60	0.83	8.61	0.94	9.19
	Total	96.11	95.48	93.93	94.66	94.67	97.33	93.86
	Number of ions on the basis of 22 oxygens					
	Si	6.780	6.733	6.651	5.964	6.631	6.157	6.737
	Al IV	1.220	1.267	1.349	2.036	1.369	1.843	1.263
	Al VI	3.148	3.147	3.205	3.914	3.259	3.919	3.138
	Ti	0.055	0.055	0.061	0.031	0.052	0.010	0.042
	Cr	0.003	0.008	0.004	0.004	0.008	0.003	0.004
	Fe2*	0.208	0.210	0.210	0.034	0.195	0.046	0.337
	Mn	0.003	0.000	0.000	0.000	0.000	0.002	0.000
	Mg	0.676	0.652	0.642	0.050	0.597	0.038	0.609
	Ca	0.002	0.003	0.000	0.030	0.002	0.041	0.000
	Na	0.204	0.222	0.306	1.795	0.314	1.633	0.190
	K	1.565	1.629	1.470	0.136	1.460	0.150	1.585
	Total	13.864	13.927	13.898	13.994	13.886	13.842	13.906

Table 7 .

 7 Re~resentative anal:r;:ses of e~idote s.J. from Ras~as metabasites

	lithology		eclogites			gamet-am(2hibolites		blueschist
	sam pie	97CE1	98RR3	98RR4	98RR16	97CE4	99RR11	99RR13	99RR16	99RR27
	site				in Grt					
	analysis	13	1	64	22	66	83	112	15	161
	Si0 2	39.71	38.01	38.73	38.64	39.60	39.51	39.25	39.42	38.08
	Ti0 2	0.12	0.15	0.11	0.22	0.00	0.02	0.04	0.05	0.10
	Al 2 0 3	31 .56	27 .78	29.72	28.77	31 .66	32.05	31.74	31 .75	26.42
	cr,o,	0.00	0.07	0.05	0.02	0.00	0.25	0.10	0.07	0 .06
	Fe 2 0 3 c	2.41	7.68	5.52	6.29	2.26	2.13	2.27	2 .62	9.40
	FeO'	2.17	6.91	4.97	5.66	2.04	1.92	2.04	2 .36	8.46
	MnO	0.06	0.01	0.06	0.06	0.05	0.01	0.03	0.01	0.15
	MgO	0.04	0.05	0.14	0.11	0.05	0.06	0.06	0.04	0.02
	CaO	24.82	23.46	23.86	23 .57	25.18	24 .35	24.23	24.12	23 .17
	Na20	0.02	0.00	0.00	0.01	0.00	0.00	0.00	0.01	0.01
	1<20	0.00	0.01	0.00	0.01	0.00	0.01	0.01	0.00	0.00
	Total	98.73	97.22	98.19	97 .71	98.80	98.39	97 .73	98.10	97.41
	Number of ions on the basis of 12.5 oxygens						

Table 8 . Representative garnet-clinopyroxene geothermometry in eclogites (Ellis and Green 1979; Powell1985; Krogh 1988).
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			Cp x			Garn et			lnKd	P(kbar)	T(iC)	T(iC)	T(iC)
	Sam ole	Analysis	X-MQ	X-Fe	Analvsis	X-Mq	X-Fe	X-Ca			EG79	P85	K88
	98RR4	37	0.93	0.07	325	0.33	0.67	0.24	3.295	15	484		461
	98RR4	37	0.93	0.07	325	0.33	0.67	0.24	3.295	20	495		471
	98RR4	37	0.93	0.07	325	0.33	0.67	0.24	3.295	25	505		481
	98RR4	106	0.86	0.14	111	0.35	0.65	0.25	2.434	15	642		620
	98RR4	106	0.86	0.14	111	0.35	0.65	0.25	2.434	20	654		632
	98RR4	106	0.86	0.14	111	0.35	0.65	0.25	2.434	25	667		644
	98RR4	22	0.88	0.12	306	0.23	0.77	0.27	3.201	15	517		494
	98RR4	22	0.88	0.12	306	0.23	0.77	0.27	3.201	20	527		504
	98RR4	22	0.88	0.12	306	0.23	0.77	0.27	3.201	25	538		515
	98RR6	44	0.79	0.21	45	0.23	0.77	0.24	2.533	15	614		592
	98RR6	44	0.79	0.21	45	0.23	0.77	0.24	2.533	20	627		604
	98RR6	44	0.79	0.21	45	0.23	0.77	0.24	2.533	25	639		616
	98RR6	46	0.73	0.27	47	0.20	0.80	0.28	2.381	15	675		655
	98RR6	46	0.73	0.27	47	0.20	0.80	0.28	2.381	20	688		667
	98RR6	46	0.73	0.27	47	0.20	0.80	0.28	2.381	25	700		679
	98RR6	43	0.81	0.19	22	0.22	0.78	0.24	2.716	15	579		557
	98RR6	43	0.81	0.19	22	0.22	0.78	0.24	2.716	20	591		568
	98RR6	43	0.81	0.19	22	0.22	0.78	0.24	2.716	25	603		579
	98RR3	126	0.83	0.17	128	0.32	0.68	0.23	2.339	15	648		626
	98RR3	126	0.83	0.17	128	0.32	0.68	0.23	2.339	20	660		638
	98RR3	126	0.83	0.17	128	0.32	0.68	0.23	2.339	25	673		650
	98RR3	8	0.80	0.20	6	0.36	0.64	0.25	1.962	15	754		735
	98RR3	8	0.80	0.20	6	0.36	0.64	0.25	1.962	20	768		748
	98RR3	8	0.80	0.20	6	0.36	0.64	0.25	1.962	25	782		762
	98RR3	106	0.80	0.20	110	0.35	0.65	0.25	2.005	15	742		723
	98RR3	106	0.80	0.20	110	0.35	0.65	0.25	2.005	20	756		736
	98RR3	106	0.80	0.20	110	0.35	0.65	0.25	2.005	25	770		749
	97Ce1	28	0.84	0.16	29	0.31	0.69	0.25	2.458	15	637		615
	97Ce1	28	0.84	0.16	29	0.31	0.69	0.25	2.458	20	649		627
	97Ce1 97Ce1	28 32	0.84 0.84	0.16 0.16	29 31	0.31 0.31	0.69 0.69	0.25 0.26	2.458 2.458	25 15	662 644		639 623
	97Ce1	32	0.84	0.16	31	0.31	0.69	0.26	2.458	20	656		635
	97Ce1	32	0.84	0.16	31	0.31	0.69	0.26	2.458	25	669		646
	97Ge1	34	0.66	0.12	33	0.31	0.69	0.26	2.793	1:5	:579		:5:57	:530
	97Ce1	34	0.88	0.12	33	0.31	0.69	0.26	2.793	20	590		568
	97Ce1	34	0.88	0.12	33	0.31	0.69	0.26	2.793	25	602	-••-	579

Table 9 . Representative garnet-cllnopyroxene geothermometry in eclogites (Ai 1994; Krogh Ravna 2000).
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	Grt

Table 10 . Representative garnet-phenglte geothermometry in eclogites (Green and Hellman 1982).
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		Phengite			Garnat			
	Sample	Analysis	X Mo	x ••	Analysis	X Mo	x ••	P (bars)	T(jC)
	98RR4	39	0.74	0.26	111	0.26	0.74	10000	
	98RR4	39	0.74	0.26	111	0.26	0.74	15000	
	98RR4	39	0 .74	0.26	111	0.26	0.74	20000	
	98RR4	39	0.74	0.26	111	0.26	0.74	25000	
	98RR4	75	0.76	0.24	306	0.17	0.83	10000	
	98RR4	75	0.76	0.24	306	0.17	0.83	15000	
	98RR4	75	0.76	0.24	306	0.17	0.83	20000	
	98RR4	75	0.76	0.24	306	0.1 7	0.83	25000	
	98RR4	88	0.77	0.23	325	0.25	0.75	10000	
	98RR4	88	0.77	0.23	325	0.25	0.75	15000	
	98RR4	88	0.77	0.23	325	0.25	0.75	20000	
	98RR4	88	0.77	0.23	325	0.25	0.75	25000	
	98RR6	65	0.75	0.25	45	0.16	0.84	10000	
	98RR6	65	0.75	0.25	45	0.16	0.84	15000	
	98RR6	65	0.75	0.25	45	0.16	0.84	20000	
	98RR6	65	0.75	0.25	45	0.16	0.84	25000	
	98RR6	64	0.72	0.28	47	0.14	0.86	10000	
	98RR6	64	0.72	0.28	47	0.14	0.86	15000	
	98RR6	64	0.72	0.28	47	0.14	0.86	20000	
	98RR6	64	0.72	0.28	47	0.14	0.86	25000	
	98RR6	66	0.72	0.28	22	0.16	0.84	10000	
	98RR6	66	0.72	0.28	22	0.16	0.84	15000	
	98RR6	66	0.72	0.28	22	0.16	0.84	20000	
	98RR6	66	0.72	0.28	22	0.16	0.84	25000	
	98RR3	9	0.67	0.33	6	0.27	0.73	10000	
	98RR3	9	0.67	0.33	6	0.27	0.73	15000	
	98RR3	9	0.67	0.33	6	0.27	0.73	20000	
	98RR3	9	0.67	0.33	6	0.27	0.73	25000	
	98RR3	26	0.76	0.24	110	0.26	0.74	10000	
	98RR3	26	0.76	0.24	110	0.26	0.74	15000	
	98RR3	26	0.76	0.24	110	0.26	0.74	20000	
	98RR3	26	0.76	0.24	110	0.26	0.74	25000	
	98RR3	27	0.75	0.25	128	0.24	0.76	10000	
	98RR3	27	0.75	0.25	128	0.24	0.76	15000	
	98RR3	27	0.75	0.25	128	0.24	0.76	20000	
	98RR3	27	0.75	0.25	128	0.24	0.76	25000	
	for /ow Ca-system with mg -67							

Table 11 .

 11 Representative gamet-amphibole geothermometry in metabasites

Table 12 .

 12 Representative minimum pressures for eclogites, based on the reaction Ab= Jd + Qtz.[START_REF] Holland | The reaction albite = jadeite + quartz determined experimentally in the range 600-1200°C[END_REF].

	.

Table 13 .

 13 Representative garnet-clinopyroxene-phengite geobarometry in eclogites(Waters and Martin, 1993).

	Sample	Garn et	Phengite Omphacite	T (jC)	P (kbar)
	98RR4	111	39	106		19.2
	98RR4	111	39	106		19.6
	98RR4	111	39	106		20.0
	98RR4	111	39	106		20.5
	98RR4	306	75	22		17.5
	98RR4	306	75	22		17.9
	98RR4	306	75	22		18.4
	98RR4	306	75	22		18.8
	98RR4	325	88	37		18.7
	98RR4	325	88	37		19.1
	98RR4	325	88	37		19.5
	98RR4	325	88	37		19.9
	98RR6	45	65	44		15.9
	98RR6	45	65	44		16.2
	98RR6	45	65	44		16.4
	98RR6	45	65	44		16.6
	98RR6	47	64	46		17.5
	98RR6	47	64	46		17.7
	98RR6	47	64	46		17.9
	98RR6	47	64	46		18.1
	98RR6	22	66	43		15.0
	98RR6	22	66	43		15.2
	98RR6	22	66	43		15.5
	98RR6	22	66	43		15.8
	98RR3	6	9	8		21 .5
	98RR3	6	9	8		21.8
	98RR3	6	9	8		22.1
	98RR3	6	9	8		22 .5
	98RR3	110	26	106		21.5
	98RR3	110	26	106		21.9
	98RR3	110	26	106		22.2
	98RR3	110	26	106	450	22.5
	98RR3	128	27	126	600	19.0
	98RR3	128	27	126		19.5
	98RR3	128	27	126	500	19.9
	98RR3	128	27	126	450	20.3

Table 1 .

 1 Mineral assemblaaes of the studied sam~les. Assemblage

			Grt+Cid+K~			Grt+Cid			Grt+Chl	
	Sam~le	98RR11	97Ce5	97Ce6	98RR2	98RR12	97Ce4	98RR7	98RR10	97Ce2	97Ce3
	Qtz	x	x	x	x	x	x	x	x	x	x
	W.M.	x	x	x	x	x	x	x	x	x	x
	Grt	(x)	(x)-x	(x)-x	(x)	(x)	(x)	x	x	x	x
	Cid	11-llla-lllb 1-11-llla-lllb 11-llla-lllb	11-llla-lllb 11-llla-lllb 11-llla-lllb				
	Chi				Ill	Ill		Il	Il	Il	Il
	Ky	x	x	x							
	Rt	x	x	x	x	x	x	x	x	x	x
	Ttn								1		
	Gr	x	x	x	x	x	x	x		x	x
	Tur				x						
	Ap								x		
	Sulphides		x	x	x		x	x		x	
	Microprobe analyses	+	+		+	+			+		+
	Whole-rock chem. anal.	+	+	+	+	+				+	+
	Abbreviations are after									

Table 2 .

 2 Whole-rock chemistry of metapelites.

	Assemblage		Grt+Cid+K~		Grt+Cid	Grt+Chl
	Sam le	98RR11	97Ce5	97Ce6	98RR2	98RR12	97Ce2	97Ce3
	Si0 2	77.80	76.03	76.86	81 .86	67.93	72.14	74.30
	Ti0 2	0.75	0.82	0.88	0.64	1.02	0.46	0.52
	AI203	12.24	13.05	12.45	9.99	17.65	12.90	11.87
	Fe20 3 *	3.68	4.15	4.68	2.70	4.38	5.26	5.71
	FeOcal	3.31	3.74	4.21	2.43	3.95	4.73	5.14
	MnO	0.03	tr.	0.03	0.02	0.04	0.14	0.07
	MgO	0.57	0.45	0.54	0.52	0.86	1.26	1.28
	CaO	0.13	0.18	0.28	0.13	0.20	0.51	0.69
	Na 2 0	0.60	0.68	0.58	0.61	1.18	0.84	0.63
	K20	1.33	1.31	1.27	1.06	1.91	2.22	1.88
	P20s LOI	0.07 2.59	0.08 3.11	0.10 -	0.08 2.14	0.11 4.04	0.18 -	0.09 2.84
	total	99.43	99.45	97.20	99.48	98.88	95.38	99.31

Table 3 .

 3 Representative microprobe analyses and structural formulae of gamet.

	Sample	98RR10		97Ce3			97Ce5	
		core	rim	core	rim	core	core	rim
	Anal sis	251	225	16	2	14	8	23
	Si02	37.29	37.79	36 .74	37.74	37.14	37.41	37.05
	Ti0 2	0.21	0.16	0.12	0.08	0.01	0.00	0.00
	AI203	20.37	21.05	20.74	21.30	21.03	21.46	21.16
	Cr203	0.00	0.02	0.04	0.00	0.00	0.00	0.01
	FeO*	29.38	30.08	32.65	29.75	35.44	34.37	34.31
	MnO	2.73	0.14	0.62	0.49	0.42	0.44	0.35
	MgO	0.61	3.00	2.52	5.43	1.98	3.53	3.31
	CaO	9.96	8.45	6.77	5.75	4.86	3.76	3.79
	Total	100.55	100.69	100.19	100.55	100.88	100.97	99.98
	Numbers of ions on the basis of 16 cations					
	Si	5.97	5.95	5.87	5.89	5.94	5.92	5.93
	Al 1 v	0.03	0.05	0.13	0.11	0.06	0.08	0.07
	Al v'	3.82	3.86	3.78	3.81	3.90	3.92	3.92
	Fe"•	0.16	0.14	0.32	0.27	0.16	0.16	0.15
	Cr	0.00	0.00	0.00	0.00	0.00	0.00	0.00
	Ti	0.03	0.02	0.01	0.01	0.00	0.00	0.00
	Mg	0.15	0.70	0.60	1.26	0.47	0.83	0.79
	Fe~•	3.77	3.82	4.04	3.61	4.58	4.39	4.44
	Mn	0.37	0.02	0.08	0.07	0.06	0.06	0.05
	Ca	1.71	1.43	1.16	0.96	0.83	0.64	0.65
	Total	16.00	16.00	16.00	16.00	16.00	16.00	16.00
	Mol percent end-members						
	Almandine	62.9	64.0	68.7	61.2	77 .1	74.2	74.9
	Spessartine	6.2	0.3	1.4	1.1	1.0	1.0	0.8
	Pyrope	2.4	11 .8	10.2	21.4	7.9	14.1	13.3
	Grossular	24.4	20.3	11.8	9.6	10.1	6.9	7.3
	Andradite	4.1	3.5	7.8	6.7	4.0	3.9	3.7
	Uvarovite	0.0	0.1	0.1	0.0	0.0	0.0	0.0
	X Ms	0.04	0.16	0.13	0.26	0.09	0.16	0.15

Table 5 .

 5 Representative microprobe analyses and structural formulae of chlorite.

	Sample	98RR2			98RR10			98RR12			97Ce3	
		core	rim	core	rim	min. Mg	core	rim	max. Mg	core	rim	min. Mg
	Analysis	27	26	30	27	33	16	17	12	59	54	64
	Si0 2	23.43	23.74	26.70	26.48	29.40	23.44	23.31	24.07	26.20	25.76	26.27
	Ti0 2	0.07	0.05	0.07	0.07	0.11	0.08	0.11	0.05	0.05	0.03	0.07
	A1203	21.62	21.41	20.01	19.93	19.38	21.07	21.63	20.90	21.49	21.23	21.17
	Cr203	0.01	0.05	0.03	0.01	0.03	0.01	0.05	0.01	0.05	0.04	0.03
	FeO*	31.97	32.62	23.68	24.18	23.64	33.21	33.67	32.62	23.09	24.71	28.65
	MnO	0.17	0.13	0.00	0.02	0.04	0.17	0.15	0.16	0.05	0.03	0.17
	MgO	10.16	10.39	18.08	16.91	14.49	9.05	9.41	9.99	17.40	15.95	11.94
	CaO	0.00	0.03	0.02	0.03	0.15	0.00	0.07	0.04	0.01	0.00	0.10
	Na 2 0	0.00	0.01	0.03	0.02	0.03	0.03	0.02	0.00	0.02	0.01	0.01
	K 2 0	0.00	0.02	0.02	0.02	0.35	0.01	0.00	0.01	0.03	0.01	0.01
	Total	87.42	88.45	88.64	87.67	87.61	87.08	88.42	87.84	88 .38	87.77	88.43
	Numbers of ions on the basis of 28 0									
	Si Ali V Al VI	5.16 2.84 2.77	5.18 2.82 2.68	5.51 2.49 2.37	5.54 2.46 2.46	6.09 1.91 2.83	5.22 2.78 2.75	5.12 2.88 2.72	5.28 2.72 2.69	5.40 2.60 2.62	5.40 2.60 2.64	5.57 2.43 2.85
	Ti	0.01	0.01	0.01	0.01	0.02	0.01	0.02	0.01	0.01	0.01	0.01
	Cr	0.00	0.01	0.01	0.00	0.00	0.00	0.01	0.00	0.01	0.01	0.00
	Fe*	5.89	5.95	4.08	4.23	4.10	6.19	6.18	5.99	3.98	4.33	5.08
	Mn	0.03	0.02	0.00	0.00	0.01	0.03	0.03	0.03	0.01	0.01	0.03
	Mg	3.33	3.38	5.56	5.27	4.48	3.00	3.08	3.27	5.34	4.98	3.77
	Ca	0.00	0.01	0.01	0.01	0.03	0.00	0.02	0.01	0.00	0.00	0.02
	Na	0.00	0.00	0.01	0.01	0.01	0.01	0.01	0.00	0.01	0.00	0.00
	K	0.00	0.01	0.01	0.00	0.09	0.00	0.00	0.00	0.01	0.00	0.00
	Total	20.03	20.06	20.05	20.00	19.57	20.01	20.06	20.00	19.99	19.98	19.78
	X Mg	0.36	0.36	0.58	0.55	0.52	0.33	0.33	0.35	0.57	0.53	0.43

Table 6 .

 6 Representative microprobe analyses and structural formulae of white micas.

	Sam pie	98RR2	98RR10	98RR11	98RR12		97Ce3		97Ce5
		phengite	phengite	phengite	phengite paragonite	phengite paragonite	phengite
	Anal sis	6	44	27	30	5	5	8	43
	Si0 2	48.00	48.58	48.21	47.60	46 .63	49.08	46.34	48.52
	Ti0 2	0.45	0.94	0.47	0.48	0.11	0.43	0.11	0.44
	Al 2 0 3	33.16	26.51	33.12	33.16	38 .79	30.97	39.45	32.45
	Cr 2 03	0.04	0.14	0.00	0.02	0.08	0.03	0.05	0.06
	FeO*	1.35	2.65	1.44	1.27	0.49	1.30	0.26	1.34
	MnO	0.03	0.04	0.00	0.03	0.01	0.02	0.00	0.01
	MgO	1.69	3.72	1.61	1.65	0.13	2.51	0.17	1.62
	CaO	0.02	0.00	0.02	0.00	0.31	0.00	0.33	0.00
	Na20	1.37	0.53	1.10	1.31	6.79	1.06	7.08	1.21
	K20	8.73	9.99	8.54	8.68	1.26	8.83	0.95	8.94
	Total	94.84	93.10	94.52	94.20	94.60	94.22	94.74	94 .60
	Numbers of ions on the basis of 22 0						
	Si Ali V A lVI	6.36 1.64 3.55	6.67 1.33 2.96	6.40 1.60 3.57	6.35 1.65 3.56	6.02 1.98 3.92	6.54 1.46 3.41	5.96 2.04 3.95	6.45 1.55 3.53
	Ti	0.05	0.10	0.05	0.05	0.01	0.04	0.01	0.04
	Cr	0.00	0.02	0.00	0.00	0.01	0.00	0.01	0.01
	Fe*	0.15	0.30	0.16	0.14	0.05	0.15	0.03	0.15
	Mn	0.00	0.01	0.00	0.00	0.00	0.00	0.00	0.00
	Mg	0.33	0.76	0.32	0.33	0.03	0.50	0.03	0.32
	Ca	0.00	0.00	0.00	0.00	0.04	0.00	0.05	0.00
	Na	0.35	0.14	0.28	0.34	1.70	0.27	1.77	0.31
	K	1.48	1.75	1.44	1.48	0.21	1.50	0.16	1.52
	Total	13.91	14.03	13.83	13.90	13.97	13.87	13.99	13.88

Table 7 .

 7 Summary of geothermometric calculations at a nominal pressure of 15 kbar.

	Conventional thermometry	98RR1 0 (OC)	97Ce3 CC)	97Ce5 (OC)	98RR2 (OC)	98RR12 (OC)
	Grt-Phe Green & Hellman (1982)	617	646		
		Laird (1988)	617	600		
	Grt-Chl	Grambling (1990)	585	573		
		Perchuk (1991)	584	576		
	Cid-Chi Vidal et al. (1999)				
	Abbreviations are after				

Chapter 4: Eclogites, gamet amphibolites and blueschists from ...

The blueschist and three eclogites (i.e. 98RR6, 99RR29 and 97CE1) are slightly Al 2 0 3 -richer than the ether eclogites, this group being also distinguished by its high titanium content (fig. 3).

To sum up, whole-rock chemistry clearly delineates two main groups of rocks within the Raspas metabasites (i.e. the eclogites and the garnet-amphibolites), which is consistent with the observed parageneses. Blueschists have the same chemistry than sorne of the Ti0 2 -rich eclogites Thus, the variations of mineral parageneses could result from differences in bulk-rock chemistry, i.e. in protolith compositions (gamet amphibolites versus eclogites) or can be due to differences in peak metamorphic conditions (TiOrrich eclogites versus blueschists).

Mineral chemistry

The chemical compositions of garnet, pyroxene, amphibole, white mica, and epidote were determined at the University of Lausanne using the wavelength dispersive electron microprobe (CAMECA SX50).

Complementary analyses have been performed with the Microsonde Ouest (Brest, France). The operating conditions were: 15kV accelerating voltage and 15nA sample current, after a calibration on natural mineral standards. Beth simple point determination and/or zoning profiles were obtained. ln case of unzoned minerais, the analysed points correspond ta the core of the crystal, while a profile through the whole grain has been choosen to show chemical zoning. The different kind of normalization adopted for the structural formulae are reported for each mineral in the corresponding table. For the amphiboles, an estimation of the ferric/ferrous iron [START_REF] Leake | Nomenclature of amphiboles[END_REF] has been attempted in arder to produce an "average formula" with a correct stoichiometry.

Garnet

Gamet is characterised by a high almandine content (Tab. 3 and Fig. 5): eclogites average around 55 mol%, while the gamet amphibolites are typically more almandine depleted averaging around 44 mol%. The blueschist garnets show an almandine content approaching that of the eclogites, with an average value of 58 mol%. Variations in composition from core to rim are shawn in figure 5, where, for each representative sample, the filled symbol refers ta the core composition and the empty symbols ta the rim compositions. These variations are common to ali the studied samples, underlining a magnesium content increase (in terms of pyrope end member) during garnet growth.

The zoning profile (fig. 6) representative of garnet in eclogltes (sample 98RR3) shows a decreasing spessartine content and an increasing pyrope content from core to rim, the spessartine falling ta values around 1 mol% after a peak limited to the central part of the zoned crystal. Grossular shows a rather flat profile averaging around 24 mol%, and almandine depicts a graduai and progressive decrease approaching the rim. Average variations in core and rim compositions are Alm52-57, Sps1 .9-5, Prp7-17, Grs19-27 and Alm50-54, Sps0.7-1 .7, Prp17-26, Grs19-21 respectively.

The zoning profile (fig. 7) representative of garnet in garnet-amphibolites (sample 97CE4a) shows a decreasing spessartine content and an increasing pyrope content from core to rim , similarly to what observed for the eclogites. The spessartine shows values generally higher than eclogites and the decreasing trend is more graduai. Grossular shows a rather flat profile with data plotting around 20 is observed as inclusions in garnet, it occurs as monocrystalline, rounded or ovoid grains suggesting that it does not derive from coesite. The equilibrium Qtz = Coe is thus an upper pressure limit, of the order of 30 kbar at 600°C.

3. The occurrence of omphacite + paragonite instead of omphacite + kyanite suggests that peak pressure is lower than the equilibrium 1 Pg = 1 Jd(Omp) + 1 Ky+ 1 Vap (Holland, 1979). Calculation of a maximum pressure using this assemblage needs an independent method for estimating the H 2 0 activity, not available at present. Assuming that a(H 2 0) = 1, a maximum pressure of about 20 kbar is deduced. 13).

To sum up, the peak pressure is estimated at 18 kbar (for a nominal temperature of 600°C}.

Metamorphic evolution

The Raspas metabasites are characterised by three main lithologies, namely eclogites, garnet- Consequently, the infered existence of lawsonite-bearing pre-eclogitic assemblages, the transition from titanite to rutile and the increasing XMg recorded by the growth zoning of gamet, suggest that the prograde history took place at increasing pressure as weil as increasing temperature. The Raspas eclogites show a prograde P-T path (fig. 14) starting in the lawsonite stability field and proceeding towards the peak, eclogite-facies, metamorphism.

P-T conditions at metamorphic peak

The peak paragenesis is represented in the eclogites by the assemblage garnet + omphacite + barroisite + clinozoisite + rutile. According to the estimated P-T conditions, the Raspas eclogites attained temperatures around -6oooc and pressures of the arder of 18 kbar (fig. 15).

Garnet-amphibolites lack the typical eclogite-facies assemblage, the peak paragenesis being garnet + amphibole + clinozoisite and minor rutile. The lack of omphacitic pyroxene is due to a difference in bulk-rock chemistry. The peak temperatures indicated by the applied thermometers gives values similar to those obtained in the eclogites.

The blueschists record an initial stage that is assumed to be cofacial with the peak parageneses recorded in the eclogites and the garnet-amphibolites.

Decompression at decreasing temperature

The third stage of the evolution of the Raspas metabasites is observed in the blueschists. They are characterised by the assemblage gamet + amphibole + epidote, the retrograde path being recorded by glaucophane rims on barroisite cores. ln addition, Feininger (1980) has reported blue amphibole overgrowing and replacing sadie clinopyroxene. Because the bulk-rock chemistry of the blueschists suggests a composition very close to that of the eclogites, the difference in mineral paragenesis cannat result from differences in bulk-rock chemistry, but rather from differences in P-T conditions.

The Raspas blueschists can be interpreted as the retrograde product of eclogites, as already suggested by Feininger (1980).

Amphibole as a tracer of P-T the evolution.

The nature of the amphibole in the eclogite-facies parageneses is a function of both the P-T conditions and the bulk-rock chemistry. ln blueschists and law-temperature eclogites, the dominant amphibole is glaucophane, sometimes coexisting with actinolite. With increasing grade, sodic-calcic amphiboles replace glaucophane. The transition from sadie to calcic amphiboles with appearance of barroisite in HP metamorphic terranes has been widely reported [START_REF] Ernst | Mineral paragenesis of eclogitic rocks and related mafic schists of the Piemonte ophiolite nappe, Breuil St Jacques area, ltalian Western Alps[END_REF][START_REF] Zhang | Coesite-bearing eclogite in Henan Province, central-China : detailed petrography, glaucophane stability, and P-T path[END_REF][START_REF] Krogh | Polyphase and anticlockwise P-T evolution for the Franciscan eclogites and blueschists from Jenner, California, USA[END_REF]Sisson et al 1997). [START_REF] Ernst | Coexisting sodic and calcic amphiboles from high-pressures metamorphic belts and the stability of barroisitic hornblende[END_REF] suggested that in law-grade metabasaltic parageneses a miscibility gap separates sadie and calcic amphiboles but that at higher grade barroisite appears. ln the metabasites of the Western Alps, the transition from glaucophane to actinolite goes through barroisite and then hornblende [START_REF] Ungaretti | Crystal chemical evolution of amphiboles from eclogitised rocks of the Sesia Lanza zone, ltalian Western Alps[END_REF][START_REF] Sperlich | The transition from crossite to actinolite in metabasites from the Combin unit in Vallée St. Barthélemy (Aosta, ltaly)[END_REF].

Nevertheless in the studied samples barroisite and Mg-hornblende have never been observed in the Chapter 5: Garnet-chloritoid-kyanite metapelites from ..... conditions. The olivine + diopside + antigorite + Ti-clinohumite assemblage, representing the metamorphic peak in metaperidotites, indicates temperature not higher than 500-550°C, whereas the garnet + omphacite + rutile association in amphibolite-rich mafic dykes indicates high-pressure conditions.

CHAPTER6

The Raspas metabasites are composed of eclogites, garnet-amphibolites and blueschists. The bulkrock chemistry indicate distinct protholiths for the eclogites and the garnet-amphibolites (i.e.

metabasalt and metagabbro, respectively) (refer to chapters 2 and 4}, while the observed parageneses indicate that they experienced the same P-T conditions. At peak conditions, temperatures gave averaged values of -580°±50°C, and the pressure yielded by the eclogites average around -18 kbar (figure 1 ). The chemical and petrographie characteristics of the blueschists suggest that they result from retrogression of the eclogites at the transition from the eclogite-facies to the high-T blueschist-facies. The Raspas metapelites show the garnet-chloritoid-kyanite eclogitefacies key assemblage yielding metamorphic peak conditions estimated at about 20 kbar, and 550-6000C.

The exhumation of the Ras pas Complex

ln the plate tectonics concept, high-pressure metamorphic rocks are considered a fundamental characteristic of convergent plate boundaries. The Andean Range, along the western side of South America is a typical example of such a tectonic setting [START_REF] Sally | Elementi di tettonica regionale[END_REF]. The study of exhumation mechanisms in this active margin setting, where the oceanic crust subducts since at least Early Mesozic times, may appear as a poorly fruitful project because of the low probability that geodynamic conditions allowed the exhumation of oceanic material previously subducted to deep conditions (more than 50 km). The scarcity of high-pressure rocks ali along the Andean chain would support this view (refer to General Introduction).

On the contrary, the study of deeply buried eclogites located very close to a subduction zone, as is the case for the Raspas Gomplex high-pressure rocks, provides new insights on exhumation mechanisms and on the dynamic of subduction zones. ln fact, the •majority of models proposed to explain the exhumation of metamorphic rocks are related to collisional chains (Piatt, 1993, and cited references), like the Alps or the Himalayas, dealing mainly with exhumation of continental crust [START_REF] Chemenda | A mechanism for syn-collisional rock exhumation and associated normal faulting: Results from physical modelling[END_REF]1996;2001). The studies of exhumation processes in active margin settings mainly dealt with the West coast of North America [START_REF] Ernst | Tectonic contact between the Franciscan mélange and the Great Valley sequence -crustal expression of a Late Mesozoic Benioff Zone[END_REF] orto the Carribean 1 South American plate boundary zone [START_REF] Avé Lallemant | Transpression , displacement partinioning, and exhumation in the eastern Carribean 1 south American plate boundary zone[END_REF].

ln order to verity the consistency of the exhumation model proposed for the Raspas Complex, a review of the principal theories concerning the exhumation of high-pressure rocks will precede the discussion.

Concepts and processes

The exhumation of deeply-buried rocks requires a mechanism able to remove the overburden and/or to transport the metamorphic rocks through the overburden preserving the high-pressure parageneses. So, the interaction of multiple mechanisms should be expected (figure 3) (Piatt, 1993;[START_REF] Hynes | Encouraging the extrusion of deep-crustal rocks in collisional zones[END_REF].

The most obvious way of removing the overburden is erosion (Jamilson and Beaumont, 1988). With average rates of severa! mm/yr [START_REF] Kamp | Fission track analysis reveals character of collisional tectonics in New Zeland[END_REF], erosion is to be considered a geologically rapid process. But, acting alone, erosion would lead the exhumed high-pressure rocks to be part of a complete section through the original overburden. ln addition, one would expect to observe huge amounts of sediments in coeval adjacent sedimentary sequences. None of these conditions have been found.

Hence the exhumation must be considered as due to different additional mechanisms arising from tectonic processes. Three main types of mechanisms may be involved (Piatt, 1993).

The first involves forces or motions applied externally to the high-pressure terrane itself. Expulsion or extrusion of the high-pressure rocks from a subduction zone may result from the application of the external forces [START_REF] Chopin | Geology and petrology of the coesite bearing terrane, Dora Maira massif, Western Alps[END_REF]. Similarly, a not purely orthogonal convergence along an active margin, can generate strike-slip faulting (where the relative motion vector is oblique to the fault), interpreted as an important component in the exhumation process [START_REF] Karig | Material transport within accretionary prisms and the "knocker" problem[END_REF]Avé Lallemant and Guth, 1990). Severa! authors proposed a subduction complex in terms of viscous flow of material trapped between a subducting slab and the hangingwall plate (i.e. the "corner flow" process of [START_REF] Cowan | A dynamic scaled model of accretion at tranches and its implications for the tectonic evolution of subduction complexes[END_REF]. According to [START_REF] Cloos | Flow melanges: numerical modelling and geologie constraints on their origin in the Franciscan subduction Complex, Califomia[END_REF] i.e. the "flow-channel" model) the active flow in a subduction zone is restricted to a narrow channel confined between the subducting slab and a rigid wedge of lithosphere in the hangingwall (figure XX).

The second type of exhumation mechanisms calls on the effects of buoyancy forces resulting from density contrasts between the high-pressure rock bodies and the surrounding rocks. The subducted rocks, where less dense than the surrounding "matrix", may return back up the subduction zone, orto pierce and intrude the overlying material.

The exhumation of small blocks of high-pressure metamorphic rocks has been interpreted also as related to diapirism [START_REF] England | Archimedes and the Tauern eclogites: the role of buoyancy in the preservation of exotic tectonic blocks[END_REF].

The bulk density of high P-T ratio terranes is around 3.0 [START_REF] Richardson | Metamorphic consequences of crustal eclogite production in overthrust zones[END_REF], and is therefore higher than the average of the continental crust (about 2.7). Hence buoyancy cannet explain their emplacement into upper crustal levels. Furthermore, changes in the conditions that led to the deep subduction of the involved terranes must occur to enable buoyancy forces (e.g. a decrease in shear stress; a thickening of the slab due to multiple accretion events; [START_REF] Platt | The uplift of high-pressure-low-temperature metamorphic rocks[END_REF]. Accordingly, buoyancy could explain the rise of deeply subducted oceanic material from within the mantle to the base of the crust; but from that level on their exhumation requires other processes (Piatt, 1993). • Geochronological data on HP minerais of the Raspas eclogites indicate an Early Cretaceous age (-130-125 Ma;Feininger, 1980;this work) for the metamorphic peak conditions of -600°C at -20 kbar (refer to chapters 1, 4 and 5).

• Ouring most of the Jurassic the (195-140 Ma) the southeastward subduction of the paleo-Pacific oceanic crust gave way to the sinistral transform offset of the Peruvian margin (Aspden et al., 1987). The transition from latest Jurassic to earliest Cretaceous times (145-140 Ma) corresponded with a drastic geodynamic change resulting in a northeastward subduction beneath the northern part of the South American plate and oblique collisions along the Ecuadorian and Colombian segment (refer to § 1.2 and relative figures) (Mc Court et al., 1984;[START_REF] Mourier | An accreted continental terrane in Northwestem Peru[END_REF]Jaillard et al., 1990;Jaillard et al., 1995).

• Ouring Middle Albian times (105 Ma) the opening of the rhombic shaped Celica-Lancones basin, interpreted as a pull-part basin related to the NNE-ward trench-parallel migration of the Amotape-Tahuin forearc •sliver, evidences of a roughly trench-parallel extension. [START_REF] Jaillard | Stratigraphy and evolution of the Cretaceous forearc "Celica-Lancones Basin" of Southwestem Ecuador[END_REF][START_REF] Jaillard | Late Cretaceous stratigraphy of Northern Peru and Ecuador, a preliminary revision[END_REF]. Radiometrie ages resets in the Biron Terra ne are consistent with this major geodynam ic event. The Middle Cretaceous-Paleocene evolution of the Celica-Lancones basin was dominated by trench parallel stress regimes: first NNE-trending extension related to dextral wrench motions during Albian-Santonian times (110-85 Ma), and then NNE-trending compression during Latest Cretaceous-Paleocene (80-55 Ma), associated with the tectonic inversion of extensional structures [START_REF] Jaillard | Stratigraphy and evolution of the Cretaceous forearc "Celica-Lancones Basin" of Southwestem Ecuador[END_REF][START_REF] Jaillard | Late Cretaceous stratigraphy of Northern Peru and Ecuador, a preliminary revision[END_REF].

First step of the Raspas Complex exhumation: from eclogite-facies to shallow conditions

Concerning the exhumation of the Raspas Complex high-pressure rocks, the kind of mechanism has been constrained by the petrology of mafic and pelitic eclogites (figure 2). As discussed in chapters 4 and 5, the preservation of eclogite-facies assemblages and the proposed P-T paths strongly point to the necessity of a more or less rapid exhumation mechanism, depending on the high or low geothermal gradient, respectively. Such a mechanism might be able to drive backward to blueschist-facies conditions and then to shallower levels the Raspas formation, without allowing retrograde re-equilibration, the retrograde re-equrlibration being also conditioned by available fluids (Barrientos and Selverstone, 1993) (figure 1 ).

Radiometrie cooling ages on eclogites let to interpret the Raspas metabasites as a remnant of a Jurassic oceanic crust subducted under the Andean margin (figure 2 and4).

The plate kinematics reorganisation about the Jurassic-Cretaceous boundary is proposed as the "first step" for the Raspas Complex exhumation. The rocks deepfy subducted are supposed to begin their exhumation path due to the disappearance of the stress field refated to the previous subduction system. New forces and an "escape way" are then necessary to permit the rise of the high-pressure rocks. The supported hypothesis considers buoyancy as an important cause for the first part of the exhumation path (i.e. untif a density contrast exists). At the same time the new Cretaceous geodynamic framework, characterised by a northeastward convergence, generates strike-slip faulting with, most probably, a relative motion vector oblique to the fault. After the subduction jump associated to the geodynamic change, the "subduction channel" along which the Raspas metabasites were being subducted, constituted a major discontinuity along which the Raspas Complex travelled backwards more or Jess rapidly (figure 4).

This first step is thus interpreted as the phase that exhumed the Raspas Complex from eclogite-facies conditions to a shallow level, beneath the thinned fore-arc continental crust. How shallow was this level deep is difficult to determine. However the Jack of greenschist-facies overprint on the Raspas formation eclogites obliges to envisage two possibilities: a) temperatures lower than -250° and very low pressure conditions; b) deeper conditions (i.e. in the greenschist-facies stability f ield) but in absence of fluids.

Second step of the Raspas Complex exhumation: from shallow to "surface" conditions

Once the Raspas Complex was underplated under a thinned continental crust (i.e. the Tahuin Group rock sequence) by way of the described "first step" mechanism, then it might have been kept in standby "cold" conditions until the "second step" triggered the motion of the high-pressure rocks up to the surface (figure 5).

The development during Albian times of the Celica-Lancones pull-apart basin [START_REF] Jaillard | Stratigraphy and evolution of the Cretaceous forearc "Celica-Lancones Basin" of Southwestem Ecuador[END_REF] triggered the "second step" of exhumation. During the opening of the basin, trench-parallel extension induced the thinning of the forearc continental crust, which enhanced the uplift of the underplated Raspas Complex rocks, up to superficial levels. Then, the trench-parallel compression occurring during Latest Cretaceous times provoked the tectonic inversion of extensional structures and the final "expulsion" of high-pressure rocks. This last step is supported by Feininger and Silbermann (1982, unpublished data;persona! communication of Feininger) and by the 75-65 Ma dates obtained from this work in the southern edge of the Biron terrane.

Nevertheless, two main problems are still unsolved in the hypothesis that entails the second step.

The first problem concerns the interval of time during which the high-pressure rocks. stay underplated beneath the continental crust. The difference t:ietween the cooling ages of the Raspas formation eclogites and the record of the first stages of the Celica-Lancones basin is estimated around -10-15

Ma. Obviously this "delay" is difficult to justify for rapid exhumation rates.

The second problem concerns the thermal re-equilibration that might be expected for the underplated Raspas Complex. The absence of retrograde overprint could be explained by a very low geothermal gradient in reason of the continuously subducted cold oceanic material beneath the underplated highpressure rocks.

To resume, even if the role played by the "second step" is not completely tested, the chronology of the tectonic evolution of the Celica-Lancones basin is in good agreement with that of the Raspas Complex. Radiometrie resets obtained for the Biron terrane and La Palma-El Guayabo shear zone (refer to § 1.3, 1.4 and 1.5) are consistent with the two main geodynamic changes recorded in the basin sequences at -110-100 Ma (i.e. crustal extension) and -80-75Ma (i.e. compression), respectively.

Furthermore the peculiarity of the E-W striking structural trend of the Amotape-Tahuin terrane is consistent with the trench-parallel extension , and then compression expressed by the Cretaceous evolution of the Celica-Lancones basin. This interpretation leads to change the interpretation of an allochthonous origin of the T ahuin black, in favour of a parautochthonous.

As a final consideration, the model proposed by the author for the exhumation of the Raspas Complex high-pressure rocks does not pretend to be the final answer to the problem, but rather a model that contributed to discussions dealing with the exhumation processes of metamorphic rocks in an active margin setting. [START_REF] Cowan | A dynamic scaled model of accretion at tranches and its implications for the tectonic evolution of subduction complexes[END_REF] . b) Wedge spreading due to underplating (adapted from Platt, 1993). c) Subduction flow-channel (adapted from [START_REF] Cloos | Subduction-channel madel of prism accretion, melange formation, sediment subduction, and subduction erosion at convergent plate margins: 1. Background and description[END_REF]. d) Enhanced erosion above a basal ramp (adapted from [START_REF] Jamieson | Orogeny and metamorphism: a model for deformation and pressure-temperature-lime paths with application to the central and southern Appalachians[END_REF]. Ali figures have approximately 2x vertical exaggeration. (from [START_REF] Hynes | Encouraging the extrusion of deep-crustal rocks in collisional zones[END_REF] . Thedifl"l! terlllllho!ogies 8restrvcturl'ldbyisodiMi foldswnoseaJCialsur1aoes correspond to the regional main schlstoslty. Radiomelric ages on phengites averagearound127 Ma.
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