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Abstract 

The petrology and geochemistry of high-grade amphibolites and associated  gabbro,  volcanic rocks and peridotites from Povorotny Cape (northeastern Russia) are considered with the aim to examine the geodynamic setting of different rock complexes related with the accretionary structure of this area. Geochemical and petrological evidence indicates that the following two predominant  groups of igneous rocks were involved  in the construction of the Povorotny Cape accretionary structure: (1) MORB and within-plate members (protolith of high grade amphibolites, gabbro, dolerites, volcanic rocks and spinel lherzolites; (2) different products of suprasubduction magmatism, including boninites (gabbro and ultramafic cumulates, dolerites, volcanic rocks and spinel harzburgites). The P–T metamorphic conditions of the rock assemblages indicate that the Povorotny Cape rock complexes were affected by two main metamorphic events. The first corresponded to high-pressure—medium-temperature conditions and was unique to the high-grade amphibolite, and the second occurred in the form of low temperature recrystallization at greenschist-facies conditions and manifested itself in virtually all igneous rocks of Povorotny Cape and in part of the high-grade amphibolites.  The igneous and metamorphic rock complexes of Povorotny Cape were formed during the following main tectonic episodes: (1) generation of MORB and within-plate magmatic rock assemblages (gabbros, dolerites and volcanic rocks), including residual peridotites in an oceanic basin; (2) subduction of part of these rocks to a relatively shallow position within a warm subduction zone, while the remaining oceanic lithosphere was detached and tectonically incorporated into a suprasubduction complex; (3) formation of a suprasubduction magmatic complex that  included a boninite series; (4) exhumation of the high-grade amphibolites and spinel lherzolites and their tectonic mixing with the oceanic and suprasubduction igneous complexes.  
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1. Introduction

The region addressed in this paper belongs to the Late Mesozoic fold belt (Fig.1), which separates Mesozoic Verkhoyan-Chukotka collisional structures to the west of it from Cenozoic Koryak–Kamchatka accretionary structures to the east. This area includes a numerous and diverse island-arc complexes belonging to Paleozoic– Cretaceous convergent margins of Northeast Asia (Fujita and Newberry, 1982; Filatova, 1988; Sokolov, 1992; Parfenov et al., 1993; Khudoley and Sokolov, 1998). The two principal stages of volcanism recognized in the area are Late Permian–Middle Jurassic and Late Jurassic–Early Cretaceous. The former corresponded to the development of the Koni–Taigonos island arc (Nekrasov, 1976). Beginning in the Late Jurassic, a new convergent boundary developed along the margin of the Asian continent, and the Uda–Murgal island-arc system was formed along this boundary (Filatova, 1988; Sokolov, 1992). The accretionary structures were recently recognized in the frontal part of this island arc (Khudoley and Sokolov, 1998) consist of tectonostratigraphic units that involve turbidites, high-grade metamorphics, island-arc rocks, ophiolites, and melanges. The study of these complexes is of crucial importance for understanding the origins and history of the convergent boundary between Northeast Asia and the Northwest Pacific and the metamorphic events that attended the interaction between the continent and oceanic plates. However, a significant number of the accreted complexes are still poorly understood. 

Our study was focused on the accretionary structure of the Taigonos segment of the Late Mesozoic fold belt (Figs.1, 2). This paper presents our new geochemical and petrological results on a variety of igneous and metamorphic rocks. 

2. Overview of regional geology

The principal tectonic units recognized in Taigonos Peninsula (Fig. 2) are as follows:

 (1) the Avekov terrane, which is composed of Precambrian and Lower Paleozoic metamorphic sequences (Nekrasov, 1976; Zhulanova, 1990); (2) the Pylgin suture zone, which consists of metamorphosed Mesozoic volcanic and sedimentary rocks (Zhulanova, 1990); (3) the Central Taigonos terrane, made up of Upper Permian - Lower Cretaceous island-arc strata; (4) the East Taigonos granite–metamorphic belt; and (5) the Beregovoi terrane, which is composed of an imbricate thrust structure and represents an accretionary prism in front of the Uda–Murgal volcanic arc. 
     In the accretionary structure of Povorotny Cape, the following sequence of tectonic units is recorded (Fig. 3) from south to north:

     1. The Kingiveem-1 unit, which is composed of oceanic basalt and bedded cherts of Late Triassic–Early Cretaceous age (Vishnevskaya et al., 1998).

    2. The Povorotninsky serpentinite mélange with blocks of sheeted dikes, ultramafic rocks, and gabbro. 

     3. The Kingiveem -2 unit, which consists of deformed fragments of a sheeted dike complex, volcanic rocks, lava breccias with lenses and boudins of reddish and brown tuffaceous cherty mudstone.
     4. A Middle and Late Jurassic polymictic turbidite unit. 
    5. A Median serpentinite mélange, which includes small blocks and fragments of ultramafic rocks, gabbro, volcanics, clastics, and cherts.
   6. The Kingiveem-3 unit is composed of oceanic basalt and bedded chert with Middle Jurassic–Lower Cretaceous radiolarians (Vishnevskaya et al., 1998). 
7. The Kingiveem-4 unit, which is composed of slices of oceanic basalt, diabase sills, and cherts of Triassic–Early Cretaceous age (Vishnevskaya et al., 1998). 
8. The Main Mélange unit is a serpentinite mélange with blocks of peridotite, amphibolite, garnet amphibolite, greenschists, island-arc volcanic and sedimentary rocks, and oceanic basalts and cherts. 
    9. The Lagerny unit, located north of the Main Mélange zone, includes volcanic rocks, Late Jurassic–Berriasian sediments and olistostromes.  

     10. The Vitayetglia unit, which transgressively overlaps the Lagerny unit. This unit is composed of Valanginian–Hauterivian volcanomictic flysch. 
3. Analytical methods

    Mineral analyses were carried out inn polished thin sections on an automated CAMEBAX-Microbeam four channel wavelength-dispersive electron probe at the Vernadsky Institute. Whole-rock analyses for major elements were accomplished by X-ray fluorescence on a Philips PW-1600 RXF automated multichannel spectrometer at the Vernadsky Institute. The REE contents were determined by neutron activation at the Vernadsky Institute. All analytical investigations of the volcanic rocks were carried out at the Analytical Centre of the Geological Institute, Russian Academy of Sciences, by neutron activation and ICP-MS techniques. 

4. Petrology and geochemistry of the metamorphic and igneous rocks

     Geochemical and petrological evidence indicates that the accretionary structure of Povorotny Cape is composed of two main groups of igneous rocks: (1) MORB and within-plate members (protholith of high-grade amphibolites, gabbro, dolerites, volcanic rocks, and spinel lherzolites); and (2) different products of suprasubduction magamtism, including boninites (gabbro and ultramafic cumulates, dolerites, volcanic rocks, and spinel harzburgites).  The petrography, mineralogy, and geochemistry of these rock complexes are given bellow, and their geodynamic interpretation is discussed in the conclusions.

4.1. Petrography and mineralogy of the metamorphic and igneous rocks of the Povorotny Cape
4.1.1. Amphibolites 

Amphibolites are present as dismembered blocks in all of the main structural units of the Povorotny Cape accretionary complex (Fig. 3): in the serpentinite mélange (unit 8); in the volcanic-sedimentary sequence (units 1, 4); and in the tectonized olistostrome (unit 9). Amphibolite were also found in unit 10, the Lagerny unit. The main types of the Povorotny Cape amphibolites include the following rock types: (1) melanocratic massive rocks, which are composed almost entirely of hornblende and minor plagioclase or are rocks with the garnet–hornblende  and garnet–clinopyroxene assemblages and (2) albite–hornblende schists. The geological setting, texture, and mineral assemblages of the Povorotny Cape amphibolites are given in Table 1.

    In rare instances, clear relics of porphyritic or gabbro-ophitic textures can be recognized in the massive amphibolites of Povorotny Cape (samples 2335/12 and 2349/3, respectively). Relics of a porphyritic texture allow us to assign the metamorphic rock of sample 2335/12 to metamorphosed volcanic or subvolcanic rock (i.e., dolerites and sills). At the same time, amphibolites with occasional relics of a gabbro-ophitic texture are most likely the products of metamorphism of plutonic rocks.  

        Garnet porphyroblasts in the garnet-bearing amphibolites display sharp boundaries with neighbouring graines of clinopyroxene, amphibole and plagioclase, and the rocks bear no replacement or reaction features, such as pseudomorphs, reaction rims, or coronas. These textural relationships in the amphibolites suggest that their clinopyrpxene–garnet–amphibole–plagioclase assemblage is in equilibrium. However, clear evidence for hornblende replacement by actinolite was established in the garnet amphibolites (sample 2313/2). In this sample, blue-green hornblende is overgrown by colourless to pale green actinolite.  Rare relics of clinopyroxene of non-metamorphic origin, which are almost entirely replaced by  metamorphic  hornblende, can be found in the amphibolite  of sample 9435/6. 

     The compositions of minerals that make up the amphibolites of Povorotny Cape are presented in Tables 2–4. The hornblende exhibits narrow limits of alumina variations and is low in chlorine (Fig. 4). The associated plagioclase is also characterized by a uniform composition range. Disperse relics of primary (magmatic) anorthite-rich plagioclase are found in two samples of massive amphibolites of plutonic origin. The composition of the garnet in the amphibolites varies from moderatly magnesian (Mg# = 0.24–0.30) to iron-rich (Mg# = 0.15). This relatively low magnesium content  is common in metamorphic garnet developing after mafic igneous rocks and differs from those in eclogites of the same origin (Miyashiro, 1973; Ernst, 1977; Mueller and Saxena, 1977). A high grossularite content of garnet, such as in this mineral from the Povorotny Cape amphibolites, is  characteristic of mafic high-grade amphibolites in many comprehensively examined metamorphic complexes (Treloar et al., 1980; Ghent and Stout, 1981; Jamieson, 1986) and reflects the influence of the bulk rock chemistry rather than the metamorphic conditions, because the garnet in the metapelites associated with  such mafic amphibolites is commonly lower in  grossularite.  It is generally accepted that, in most high-grade metamorphic rocks, retrograde zoning is common in garnets but absent in clinopyroxene (Duchene et al., 1998). Therefore, we mostly analyzed the cores of garnet grains, although the the compositions of garnet porphyroblast in their rims were also determined (Table 4). The clinopyroxene associated with the garnet is close to diopside (salite) and has the same compositional parameters as the clinopyroxene in assemblage with garnet in the high-grade amphibolites described in the aforementioned references. The relict (magmatic) clinopyroxene from sample 9435/6 is augite, and its composition corresponds to that of clinopyroxene from cumulate gabbro related to plutonic complexes typical of the oceanic crust and ophiolites (Tiezzi and Scott, 1989; Gaggero et al., 1997; Silantyev, 1998).

 4.1.2. Gabbro
Plutonic rocks are widespread throughout Povorotny Cape and ubiquitously display tectonic relationships with associated rocks. The main types of plutonic rocks with gabbro and subordinate dolerites and gabbro-dolerites. These rocks were sampled in the following geological settings in Povorotny Cape. 
1) Sedimentary blocks in the olistostrome of the Lagerny unit (sample 9435/2, which represents a pebble in a gravel-sandstone matrix). These rocks are microgabbro with abundant actinolite and chlorite, altered plagioclase, and minor clinopyroxene.

        2) Sedimentary blocks in the Middle–Late Jurassic polymictic terrigenous flysch  (samples 9412/11, 12, 13) which are pebbles of gabbro in a flysch matrix). These disseminated blocks are composed of coarse-grained cumulate gabbro (samples 9412/11,12) that consists only of secondary minerals: actinolite and alumina-rich actinolite, chlorite, and a saussuritized plagioclase (87% An in rare relics). Other petrographic varieties occurring at this sampling site are pyroxene–plagioclase microgabbro or dolerites (sample 9412/13) with clear evidence of carbonation and abundant chlorite and actinolite.

     3) Tectonic blocks in the Povorotninsky melange: samples 9410/4, 6, 7, 8, 9, 11, 12, 13, 14. The gabbros represented by these samples occur as isolated boudins and small tectonic slices in a serpentine matrix. In addition to the gabbros, small diabase bodies are included in the structurally upper part of the Povorotninsky melange. Sample 9410/4 is altered cumulate gabbro, which consists of clinopyroxene and plagioclase and is almost fully replaced by secondary chlorite and prehnite. Sample 9410/6 is an amphibolized cumulate plutonic rock, dominated by predominant low-alumina actinolite and relict clinopyroxene. The protolith of this rock is pyroxenite, judging by textural and mineralogical features of the rock. Samples 9410/7,8 are cumulate microgabbro, which consists of clinopyroxene and orthopyroxene, plagioclase, magnetite, and secondary actinolite. Samples 9410/9,12 are gabbro with a characteristic ophitic texture and primary (magmatic) hornblende, clinopyroxene relics, and metamorphic actinolite, albitized plagioclase, chlorite, and calcite. Samples 9410/11,13,14 are typical metadolerites with a characteristic mineral assemblage of actinolite + epidote + albite.

     4) Samples 9413/7, 8 correspond to tectonic boudins of gabbro in the Median melange. These rocks have a poorly preserved cumulate texture and are strongly carbonated massive two-pyroxene gabbro, which consists of orthopyroxene, clinopyroxene, plagioclase, actinolite, chlorite, calcite, talc, and minor serpentine.
      5) Samples 9413/9, 11 were taken from tectonic boudins from a small serpentinite melange zone belonging to the Median melange. Sample 9413/9 is a partially carbonated gabbro with an apparent gabbro-ophitic texture and composed of plagioclase, clinopyroxene, titanomagnetite, olivine, aluminous actinolite, and chlorite. Sample 9413/11 is a  metamorphosed isotropic microgabbro with an ophitic texture. It consists of alumina-rich actinolite, fully albitized plagioclase,  epidote,  and abundant titanomagnetite. Sample C-2361 is microgabbro from the Povorotninsky melange with abundant secondary chlorite, albitized plagioclase, prehnite, epidote, and calcite.

      6) Sample 9425/7 was taken from a gabbro boudin in a small serpentinite melange zone located in the Lagerny unit. This sample is cumulate gabbro, which consists of  clinopyroxene, orthopyroxene and secondary actinolite and epidote.
The composition of clinopyroxene in the gabbros of Povorotny Cape does not allow us to unambiguously determine the primary geochemical affinity of these rocks, because the composition parameters listed in Table 5 correspond to those of clinopyroxene from different magmatic series: mid-oceanic ridge plutonic suite (sample 9410/6) and calc-alkaline or boninite layered complexes (sample 9425/7), judging from the well-known discrimination diagrams (Nisbet and Pearce, 1977; Leterrier et al., 1982; Bloomer and Fisher, 1987). Nevertheless, the presence of primary magmatic hornblende in the gabbros (Table 6, Fig. 4) sampled at site 9410 and their bulk-rock chemistry (see below) suggest that these plutonic rocks correspond to calc-alkaline or alkaline (within-plate) magmatic suites. The presence of magmatic hornblende in MORB-related gabbro is a debated topic, and hornblende with such compositions as given in Table 6 has never been found in oceanic gabbro (Silantyev, 1998).

4.1.3. Volcanic rocks

The volcanic rocks are dominated by basalts in different tectonic units (Lagerny unit, Kingiveem-type units, Main and Median melanges) of the Povorotny Cape accretionary complex. These rocks can be subdivided into the following groups: 

The first group is present in the Kingiveem 1, 2, 3, and 4 units as  tholeiitic pillow and flood basalt flows associated with radiolarian cherts and pelagic limestones and as tectonic slices containing sheeted dikes. The rocks are aphyric and have intersertal or diabasic textures. Tholeiites of the first group are composed of plagioclase, clinopyroxene, and minor titanomagnetite. 

The second-group volcanic rocks are not as abundant and accompany  the volcanic rocks of group 1. The basalts of group 2 are close to tholeiites by their petrography but are higher in titanomagnetite compared with the basalts of the first group.

The volcanic rocks belonging to the third group (unit 3) occur in the form of lava flows that are extruded through volcanics of the first group. These volcanics are associated with siliceous and aleurolitic tuffs. Judging from the textural and mineralogical features of the rocks, this volcanic group includes basalts and basaltic andesite. The volcanic rocks of the third group are aphyric or plagioclase- and clinopyroxene-phyric varieties with an intersertal or subophitic matrix. Orthopyroxene is rare, occurring as phenocrysts.

Volcanic rocks rocks of the fourth and fifth groups are widespread in most of the northern tectonic units of Povorotny Cape). These volcanic rocks make up isolated tectonic blocks and individual flows among terrigenous-tuffaceous sediments.

      Volcanics from the fourth group are petrographically distinctinguished by their clear intersertal matrix texture, which is accentuated by “spinifex-like” radiated aggregates of clinopyroxene. Plagioclase is a subordinate phase in the matrix of these rocks, and titanomagnetite is absent. Clinopyroxene, orthopyroxene, and olivine are prevalent as phenocrysts in assemblages characteristic of basaltoids of the fourth group. The fifth group of volcanic rocks comprises aphyric and phyric basalts with intersertal or microdolerite textures and more rare basalts with a trachytoid texture.  These rocks consist of plagioclase, clinopyroxene, and orthopyroxene.

All types of the volcanic rocks described above were subjected low-temperature recrystallization with the formation of chlorite, actinolite, epidote, quartz, zeolites, and smectite. Some of the Povorotny Cape basalts were additionally carbonated with the formation of calcite veins.
4.1.4.  Peridotites

Peridotites of Povorotny Cape are present in dismembered ophiolite sequences in different areas related to northwest-trending tectonic units. These tectonic units crop out from southeast to northwest in the Povorotninsky, Median, and Main (including Greben and Beregovoi massifs) serpentinite mélanges (Fig. 3). 

The central zone of the Greben massif is composed of spinel lherzolites, which consist of spinel (Cr/(Cr+Al) = 0.19–0.21), olivine (Fo = 90), and clinopyroxene (Al203 > 4.9 wt%, Na2O = 0.3–0.8 wt%, and TiO2 from 0.05 to 0.20 wt%). In the outer zone of the Greben massif and in the Beregovoi massif, small peridotite blocks of the Main mélange, and blocks from the Median mélange are composed of clinopyroxene-bearing or clinopyroxene-free harzburgites (Cr/(Cr+Al) of the spinel equals 0.28–0.49, Fo in the olivine is 90.1–91.8%, and Al2O3 in the pyroxenes is 1.95–4.35 wt%). The peridotites from the Povorotninsky mélange are also harzburgites but show a higher depletion degree (Cr/(Cr+Al) in spinel = 0.58–0.62).

Cumulate peridotites including pyroxene-bearing dunites, chromitites, wherlites, and plagioclase harzburgites are dominant in the Median mélange and were also detected in Main mélange. These rocks contain spinel of the following composition: Cr/(Cr+Al) = 0.46–0.55, TiO2 = 0.10–0.27 wt.%, and Fe3+/(Fe3+ + Al + Cr) = 0.04–0.12.

High-temperature metamorphic peridotites were found at the southeastern boundary of the Greben massif and west of this area. These rocks are variably recrystallized mylonites and consist of olivine (Fo = 91.4–93.2), recrystallized spinel, recrystallized orthopyroxene, clinopyroxene, and tremolite or magnesium hornblende (Al2O3 = 6.5–9.6 wt%). Rare relics of low-chromian primary spinel indicate that the parent rocks were relatively weakly depleted spinel lherzolites. The medium-temperature (lower than 550oC) character of metamorphism is apparent from the extensive development of tremolite, talc, and ferrite-chromite.

4.2. Geochemistry of the metamorphic and igneous rocks of the Povorotny Cape
4.2.1. Amphibolites 
Geochemical features of the high-grade amphibolites provide additional evidence for the predominantly plutonic nature of their protholith. Only a few samples of amphibolites from sampling sites 2347 and 2351 may have had a volcanic affinity.  

The compositional variability of the oceanic metagabbros suggests that they were affected by metamorphism of the following three geochemical types: (1) a “spilitic” type with a Na2O gain and CaO loss; (2) a specific type with a FeO gain and the loss of SiO2, Na2O, and CaO; and (3) metamorphism without changes in the composition of the primary plutonic rocks (Miyashiro et al., 1979; Coleman, 1984; Silantyev, 1995).
High-grade metaplutonic rocks from continental metamorphic complexes of the different origins and ages usualy  were not subjected to marked changes of their major-element composition during metamorphism if they were not affected by granitization (Miyashiro, 1973; McGregor and Mason, 1977; Messiga, 1984; Silantyev, 1993). Since the amphibolites of Povorotny Cape were formed by high-temperature and high-pressure metamorphism of mafic plutonic rocks, we assumed that the major-element distribution of these rocks is closely related to the primary composition of their protoliths. 

     A remarkable geochemical peculiarity of almost all of the high-grade amphibolite samples from Povorotny Cape is their high contents of titanium (Table 7). According to this parameter, the amphibolites differ from most of the associated plutonic rocks and are close to the most fractionated mid-oceanic ridge gabbro (Miyashiro and Shido, 1980; Meyer et al., 1989; Silantyev, 1998) (Fig. 5). This group of gabbros belongs to the compositional field of late stage MOR-gabbro (Fig. 5b), which was established by Miyashiro and Shido (1980). The tholeiitic affinity of the amphibolite protholith is confirmed by the SiO2, and Na2O + K2O contents of these rocks, which correspond to the compositional field of tholeiitic gabbros as shown in the discrimination diagram proposed by Cox et al.  (1979), and Wilson (1989).
      It is worth noting that amphibolites of Povorotny Cape (units 7-9) have a titanium content similar to that of within-plate magmatic series. The assumption that the amphibolites have a within-plate or E-MORB affinity is consistent with their high contents of posphorus and potassium and their enrichment in REE compared with chondrite (Anders and Grevesse, 1989) and N-MORB (Sun and McDonough, 1989) (Tables 7 and 8, Fig. 6). Their chondrite-normalized REE patterns (Fig. 7) demonstrate pronounced negative and positive Eu anomalies, which were caused by plagioclase fractionation  during melt evolution in a magma chamber, a feature typical of the tholeiitic plutonic series. The character of the normalized REE patterns of the amphibolites sampled at site 270 also resembles those of plutonic rocks of E-MORB affinity (Silantyev, 1998). The metavolcanic amphibolites from sites 2351 and 2347 have REE abundances close to those of volcanic rocks of N-MORB or E-MORB affinity, respectively.
4.2.2. Plutonic rocks

The composition of the plutonic rocks greatly varies and  implies that  several  main  geochemical types of gabbro belonging to different magmatic series occur in the accretionary structure of Povorotny Cape. The data shown in Table 9 indicate that the gabbros with geochemial parameters similar to those characteristic of the boninite plutonic suites are abundant in the serpentinite mélanges and volcano-sedimentary complex (sampling sites - 9410, 9413, 9425, 9435). These rocks fall within the compositional fields of exhaustively studied boninite gabbros from classic regions with clear evidence of boninite magmatism (Fig. 5). The major-element and REE variations shown in Figs. 5 and 6 are indicative of the similarity between the Povorotny Cape gabbros and typical boninite plutonic rocks. The REE patterns of the Povorotny Cape boninite gabbros are typical of boninites and their plutonic equivalents (Table 10, Fig. 8). These rocks have a low total REE concentration, concave chondrite-normalised REE patterns, and considerable LREE variations, as was earlier noted by Zlobin and Zakariadze (1993).
The boninite gabbros of Povorotny Cape are associated with gabbro and dolerites of N-MORB and within-plate or E-MORB affinity (unit 2). This group of plutonic rocks, including hornblende-bearing gabbro (sample 9410/12), is  characterized by moderate and relatively high contents of TiO2, FeO, and P2O5  at  moderately high total concentration of REE (Figs. 5, 6, 8). Geochemical evidence for the existence of two main groups of the Povorotny Cape gabbros is in agreement with the composition of clinopyroxene from these rocks, e.g., the clinopyroxene from MOR-type plutonic rocks has a higher titanium content than his mineral from  boninite cumulate rocks  (Bloomer and Fisher, 1987; Zlobin and Zakariadze, 1993) (Table 5).

4.2.3. Volcanic Rocks

Because all of the Povorotny Cape volcanic rocks were subjected to low-temperature metamorphism, it is necessary to reconstruct their primary composition in order to take into account the mobility of major elements. The distribution of some trace and rare-earth elements provides more reliable information for geochemical classifications of altered volcanic rocks, because these elements are less mobile than major elements during low temperature (Verma, 1992). Rb, Sr, U, and Pb are the most mobile elements within the trace-element group (Verma, 1992). Comparative analysis  of the distribution of trace and rare earth elements in the Povorotny Cape volcanic rocks makes it possible to determine the possible tectonic setting of the formation of the aforementioned five volcanic rock groups. 
The first group of volcanic rocks (Kingiveem 1, 3, and 4 units) includes basalts enriched in titanium and iron (Tables 11–13). These rocks have a nearly constant Zr/Y ratio of 2.5–3.4 and a low (La/Yb)cn ratio of 0.66–0.85. The chondrite- and N-MORB-normalized REE and less compatible element patterns of the first-group basalts are analogous to those of N-MORB (Figs. 9 and 10). The normalization was made to the element concentrations in C1 chondrite and N-type MORB, as cited by Saunders and Tarney (1984), which are close to the analogous data from (Sun and McDonough, 1989; Anders and Grevesse, 1989). There is no geochemical evidence of suprasubduction magmatism in the Fe–Ti basalts of Povorotny Cape. The second group of volcanic rocks, which are associated with the first-group basalts, have relatively high contents of TiO2, Na2O, K2O, and Nb and high Zr/Y and Lacn/Ybcn ratios: 6.55 and 5.4–12.3, respectively. The character of the REE and trace-element distribution in these rocks is similar to that of typical volcanic rocks of within-plate affinity (Clague and Frey, 1982; Humphris et al., 1985) (Fig. 9).

       The volcanic rocks belonging to the third group (unit 3) are characterized by low and moderate contents of TiO2, Cr, Nb and high Mg#. These volcanic rocks have geochemical characteristics common for basalts and basaltic andesites of the calc-alkaline series from active continental margins (Ewart, 1982). The spider diagrams patterns for some volcanic rocks of the third group also show their geochemical similarity with strongly depleted low-K tholeiites of island arcs and boninites (Hickey and Frey, 1982) (Figs. 9 and 10).
The rocks from the fourth group (Lagerny unit) are depletedin in incompatible and rare-earth elements (Fig. 9 and 10). They vary from basalts to andesites and are characterized by very low content of TiO2, high contents of MgO, and extremely low concentrations of MREE and HREE. All of these geochemical features suggest that the volcanic rocks of fourth group bellong to the boninite series.

The basalts of the fifth group (Lagerny unit) are compositionally heterogenous. All of the volcanic rocks of the Lagerny unit with moderate and high contents of TiO2 were assigned to this group. The basalts are characterized by clear geochemical evidence for the fractionation of tholeiitic melts (Tab. 11-13), and the fifth group additionally includes volcanic rocks with within-plate or sub-alkaline affinities (Tables 11-13). It is particularly remarkable that the spider diagrams for nearly all volcanics belonging to this group have negative Ta–Nb anomalies, which are similar to those characteristic of suprasubduction magmatic series (Fig. 9). 
5. Metamorphic conditions

   5.1. Amphibolites

We utilized the experimental amphibole-plagioclase geothermobarometer and data on the hornblende stability and compositional variabilty in amphibolite  (Plyusnina, 1982; Spear, 1981; Blondy and Holland, 1990; Schmidt, 1992; Ernst and Liu, 1998) to constrain the metamorphic conditions of the garnet- and clinopyroxene-free amhibolites. Our results are summarized in Table 14. As is evident from these data, there are clear differences between the temperature estimated by the experimental amphibole–plagioclase geothermobarometer of Plyusnina (1982) and the temperatures obtained by the amphibole–plagioclase geothermometer based on the AlIV content of amphibole (Blundy and Holland, 1990) and by comparing with the results of an experimental study of the Al and Ti contents of calcic amphibole in MORB (Ernst and Liu, 1998). The pressure values estimated by all of these methods for all samples are very close to 8 kbar. This pressure estimation is validated by the hornblende barometer (Schmidt, 1992). Similar results were obtained using the same methods for the amhibolites with garnet (Table 14). Temperatures of about 500o–600oC was estimated for the garnet-bearing amphibolites by garnet–amphibole equilibria (Perchuk, 1970). The crystallization of low-alumina actinolite in the garnet amphibolites (sample 2313/2) points to a temperature range of 350o–380o at a pressure of <2 kbar (Plyusnina, 1982; Apted and Liou, 1983; Ernst and Liu, 1998). Because low-alumina actinolite replaces high-alumina hornblende in this sample, the formation  of the actinolite may have been related to the retrograde metamorphic recrystallization of high-grade amphibolites. 
Garnet- and clinopyroxene-bearing amphibolites are the suitable for estimating the P–T conditions of metamorphism, because there are several geothermobarometers  making use of the garnet–clinopyroxene equilibrium. The following P–T conditions were estimated for sample 2349/4 by different methods: T = 861o–871oC, P = 8–12 kbar  (Ganguly, 1979); T = 796o–808oC, P=8–12 kbar (Ellis and Green, 1979); T = 799o–813oC, P=8–12 kbar (Slavinsky, 1980); T = 822o-847oC, P = 8–12 kbar (Dahl, 1980); T = 758o–771oC, P = 8–12 kbar (Krogh, 1988); T = 775o–789oC, P=8–12 kbar (Sengupta et al., 1989). Because the high-grade amphibolites display mineralogical evidnce of retrograde recrystallization, the composition of garnet cores was in all calculations. At the same time, the composition of garnet rims and individual grains should also be taken into account for garnet-clinopyroxene and garnet-amphibole pairs (Table 4). The garnet–amphibole geothermometer (Perchuk, 1970) allowed us to estimate the temperature at 550oC. The P–T conditions estimated by amphibole–plagioclase geotnermobarometers for sample 2349/4 are presented in Table 14.
       The metamorphic temperatures estimates obtained by the methods discussed in (Blundy and Holland, 1990; Ernst and Liu, 1998) seems to be more realistic than the metamorphic temperatures determined by the experimental amphibole–plagioclase geothermobarometer (Plyusnina, 1982) for the following reasons. The calcic amphiboles studied by Ernst and Liu (1998) were synthesized from a natural mid-oceanic ridge basalt, and because of this correspond to amphiboles from the high-grade amphibolites of Povorotny Cape, which have an oceanic affinity. Furthermore, all of the mineral assemblages containing high-alumina hornblende (Amph–Pl and Gr–Amph) are characterized, as was mentioned above, by equilibrium relationships, and, therefore, the temperatures of their formation should agree closely with one another. The tempertures obtained by the geothermometers (Blundy and Holland, 1990; Ernst and Liu, 1998) are similar to those determined by Gr–Amph equilibria and belong to a single interval of 450–710oC. Pressure of metamorphism appears to have been approximately 8 kbar (Table 14).

It should be stressed that mineralogical evidence of the eglogite facies was detected in none of the samples of the Povorotny Cape high-grade amphibolites. It is generally assumed that plagioclase is not in equilibrium with garnet in mafic rocks (metabasaltic lithotype) of the eclogite facies, and the gabbro–eclogite transition is marked by plagioclase disappearance at an increasing pressure (Green and Ringwood, 1972; Mueller and Saxena, 1977; Carswell, 1990). Plagioclase is quite abundant in the Povorotny Cape high-grade amphibolites and occurs in equilibrium with both garnet and amphibole. The garnet from the high-grade amphibolites has a grossularite–pyrope–almandine proportion characteristic of garnet from well-known metamorphic complexes that are not related to eclogite facies metamorphism (Spray and Roddick, 1980; Ghent and Stout, 1981; Pamic and Adib, 1982). Another difference between the garnet–clinopyroxene amhibolites of Povorotny Cape and common eclogites is the absence of omphacite-bearing clinopyroxene from the former rocks. The clinopyroxene from the high-grade amphibolites corresponds to diopside–hedenbergite series, which is characteristic of clinopyroxenes from garnet–clinopyroxene amfibolites of non-eclogitic origin (Miyashiro, 1973; Mueller and  Saxena, 1977). 

     An independent estimation of the metamorphic conditions of the mafic igneous  rocks can be derived from composition parameters of the amphibole. The amphibole from virtually all of our samples is high in alumina and relatively high in titanium and low in chlorine (Fig. 4A, B). In accordance with these composition parameters, the amphibole from the high-grade amphibolites corresponds to the compositional field of amphibole from amphibolites related to collision zone and subophiolitic metamorphic soles (Silantyev, 1993, 1995). 

5.2. Plutonic  and volcanic rocks

All of the gabbroic rocks of Povorotny Cape were subjected to metamorphic recristallizaton without textural changes. The metamorphic mineral assemblage in gabbros and dolerites are dominated by actinolite, albite, epidote, chlorite, and aluminous actinolite. This set of minerals is typical of mafic metaigneous rocks of the greenschists facies. The characteristic mineral assemblage of the gabbro is actinolite + albite + chlorite + epidote and corresponds to a metamorphic temperature of approximately 300-350oC and a pressure lower than 2 kbar (Ernst, 1976; Apted and Liou, 1982; Liou et al., 1985; Silantyev, 1995), whereas the presence of high-alumina actinolite or low-alumina hornblende (Table 6) in some of the gabbros (sample 9412/11,12) indicates that metamorphic recrystallizaton of these rocks took place at temperatures related to the transition between the greenschist and amphibolite (epidote amphibolite) facies i.e., approximately 500oC at a low pressure (Liou at al., 1974; Plyusnina, 1982). A relatively high chlorine concentration was determined in the anion group of high-alumina actinolite or low-alumina hornblende in the plutonic rocks as compared with the associated amphibolites (Fig. 4B, Tables 2 and 6). It is worth noting that the high Cl content of amphiboles from oceanic metaplutonic rocks discriminates them from the amphiboles of metamorphosed igneous rocks that were formed beyond oceanic basins (Silantyev, 1995). 
All types of volcanic rocks from Povorotny Cape diaplay  apparent traces of low-temperature metamorphism of the lower greenschist (actinolite + chlorite + epidote + quartz) and zeolite facies. Obviously, the metamorphic recrystallization of the basaltic rocks occured at the same temperatures as the low-temperature alterations of the associated plutonic rocks. 

6. Discussion
 6.1. Geological summary 

All of the petrological and geochemical data disscussed above led us to suggest that the following main rock assemblages make up the accretionary complex of Povorotny Cape: (1) High-grade amphibolites, which were formed after plutonic and, rarely, volcanic rocks and exhibit N-MORB and E-MORB (or within-plate) affinities; (2) Plutonic rocks, which belong to two different magmatic suites: boninitic gabbro and gabbro and dolerites of N-MORB and within-plate or E-MORB affinities; (3) Volcanic rocks, which include members of the following main magmatic series: mid-oceanic ridge basalts; within-plate basalts; and different products of suprasubduction magmatism, including boninites; and (4) Peridotites, which are spinel lherzolites of oceanic affinity and spinel harzburgites of suprasubduction affinity.

The absence of correlation between geochemical characteristics of the boninitic plutonic rocks and the associated high-grade amphibolites of Povorotny Cape provides clear evidence of the absence of any genetic relationship between the magmatic protolith of the amphibolites and the boninite plutonic rocks. At the same time, the gabbros and dolerites with MORB and within-plate geochemical features may have well served as the protoliths of the high-grade Povorotny Cape amphibolites.

It is proposed based on mineralogical data that the ophiolite sequence of Povorotny Cape was composed of lithospheric mantle fragments formed in different geodynamic settings. Namely, the spinel lherzolites of the Greben massif are similar to mid-oceanic ridge lherzolites by the composition of their spinel (Dick, 1989). Conceivably, these lherzolites are genetically related to oceanic type gabbro protoliths of the high-grade amphibolites with high TiO2 contents. The spinel harzburgites have a range of spinel compositions that is common for suprasubduction peridotites (Arai, 1994). It is possible that the low-titanium volcanic rocks from the Main mélange, which have characteristics of an island-arc affinity, and the spinel harzburgites of Povorotny Cape belong to a single magmatic series. Some distinctive compositional features of the spinel from the cumulate peridotites, such as its elevated degree of iron oxidation coupled with low titanium contents, corroborate the suprasubduction origin of these rocks rather than their formation in an oceanic basin (Arai, 1992).

As to the P–T metamorphic conditions of the rock assemblages, two main types of metamorphism were established for the Povorotny Cape complexes. One of them corresponds to high-pressure medium-temperature conditions and was unique to the high-grade amphibolites, and the other, younger, was low-temperature recrystallization at greenschist-facies conditions that affected virtually all of the volcanic and plutonic rocks of Povorotny Cape and, partly, the high-grade amphibolites. The first type of metamorphism is characteristic of high-grade metamorphic rocks from subophiolitic metamorphic soles and collisional metamorphic complexes (Ghent and Stout, 1981; Jamieson, 1986; Silantyev, 1993) , whereas the second type is common in modern oceanic basins and ophiolites (Miyashiro, 1973; Coleman, 1984; Silantyev, 1995).
6.2. Environment of metamorphism of the amphibolites 

It is generally agreed that the formation of high-grade metamorphic complexes of collision zones result from a change from the subduction to obduction regime, which controls the exhumation of high-grade metamorphic rocks to upper crustal levels above the subduction zone (Schreyer, 1985: Peacock, 1987; Jolivet et al., 1998) . It is expected that the subduction of a thick and old (about 100 m.y.) oceanic plate should take place in a “cold” subduction zone (Cloos, 1993). Within such a subduction zone, a depth of 60 km (a pressure of approximately 20 kbar) corresponds to a temperature of aproximately 500o (Delany, Helgeson, 1978: Cloos, 1993). At the same time, it was hypothesized (Hacker, 1991) that the fast subduction of the young oceanic lithosphere results in that the 450oC isotherm is intersected at the boundary between the hanging wall of the lithospheric block and the surface of the subducted plate at depths of approximately 7 km (2.2 kbar), 7.5 km (2.4 kbar), and 9 km (2.9 kbar) within 3 m.y., 6 m.y., and 9 m.y., respectively, after the beginning of subduction. Data from this study testify that the high-grade amphibolites of Povorotny Cape were formed under P–T conditions corresponding to the subduction of the “warm” and relatively young oceanic lithosphere (Fig. 11). The temperature gradient in such a subduction zone corresponds to the interval between 10oC/km  and 25oC/km,  with the age of the subducted oceanic lithosphere of approximately 10–20 m.y.  (Cloos, 1993). In contrast, the greenschist-facies metamorphic conditions of the associated plutonic and volcanic rocks are not related to subduction and correspond to the P–T interval characteristic of  metamorphism in mid-oceanic ridges, as is indicated in  Fig. 11. It should be emphasized that, according to Peacock (1987), metamorphic complexes formed in paleosubduction zones are characterized by inverted metamorphic gradients corresponding to the temperature interval of about 400–650oC. The metamorphic temperature of the Povorotny Cape amphibolites conforms to the interval of the same order, i.e., 420–715oC. Conceivably, discrete blocks of high-grade amphibolites of Povorotny Cape are dismembered fragments of such an inverted subduction-related metamorphic aureole.

  6.3. Exhumation of the amphibolites

The uplift mechanism of the high grade amphibolites and their modern tectonic setting are debated topics (Schreyer, 1985; Peacock, 1987; Silantyev, 1993; Jolivet et al., 1998). An interpretation of the means by which inverted thermal aureoles develop in subduction zones is of fundamental importance for the solution of this problem. One several models considering process was proposed by Peacock (1987), who suggested that fast subduction beneath the young (<10 m.y.) oceanic lithosphere results in heat transfer from the hanging wall of the lithospheric block and in the formation of an inverted thermal gradient in upper part of the subducted plate. As was mentioned above, the thermal gradient responsible for the high-grade amphibolites of Povorotny Cape corresponded to the temperature interval of 420–715oC or, perhaps, even 420–800oC and is consistent with Peacock’s model. The exhumation of the high-grade amphibolites may have been rapid, because the rocks are generally characterized by homogeneous mineral compositons. The arrow shown in Fig. 11 makes it possible to estimate the depth from which the high-grade Povorotny Cape amphibolites were exhumed at approximately 20 km.

         An alternative interpretation of the geodynamic setting of formation of the high-grade amphibolites is the obduction of suprasubduction ophiolite masses onto an oceanic lithosphere block. A interpretation of this kind is fraught with difficulties for the following reasons. If it is possible for high-grade metamorphism to occur outside subduction zones, the thicknesses of the obducted ophiolite nappes should be at least 20 km. However, the actual thicknesses observed in ophiolitic slices characteristic of Povorotny Cape are at variance with this assumption.
7. Conclusions

     The most likely geodynamic scenario for the development of the Povorotny Cape accretionary structure is as follows: (1) generation of MORB and within-plate magmatic rock assemblages (gabbro, dolerites, and volcanic rocks), including residual peridotites (spinel lherzolites) in an oceanic basin; (2) subduction of part of these rocks into a relatively shallow, warm, and young subduction zone with detachment of part of the subducted oceanic lithosphere and its tectonic incorporation into the suprasubduction complex; (3) formation of a suprasubduction magmatic complex, including plutonic and volcanic rocks of the boninite series; (4) exhumation of high-grade amphibolites and spinel lherzolites and their tectonic incorporation  into the suprasubduction  complex. However, this geodynamic scenario leaves unclear the vital issue as to whether the subduction was related to the development of the Uda–Murgal ensialic arc or the Lagerny ensimatic arc.
Acknowledgements

       The authors are grateful to Dr. A. Ishiwatari (Kanazawa University, Japan), who provided additional unpublished data on the mineral composition of the peridotites, and to N.N. Kononkova, T.V. Romashova, G.M. Kolesov (Vernadsky Institute, Russian Academy of Sciences), and S.M. Lyapunov (Geological Institute, Russian Academy of Sciences) for analythical support of our study. We are grateful to Dr. D. Brown, Dr. Jane H. Scarrow and anonymous reviewer for helpful and valuable remarks and suggestions that were very useful during the revision of the manuscript. This research was funded by INTAS grant 96-1880 and grant 99-05-65649 RFBR (Russian Foundation for Basic Research). 
References

Anders, E., Grevesse, N., 1989. Abundances of the elements: meteoritic and solar. Geochim. Cosmochim. Acta 53, 197-214.

Apted, M.J., Liou, J.G., 1983. Phase relations among greenschist, epidote-amphibolite, and amphibolite in a basaltic system. Am. J.  Sci.,  283, 328-353.

Arai, S., 1992. Chemistry of chromian spinel in volcanic rocks as a potential guide to magma chemistry. Mineral. Mag.  56,  173-184.

Arai, S., 1994. Characterization of spinel peridotites by olivine-spinel compositional relationships: Review and interpretation.  Chem. Geol. 113, 191-204.

Blondy, J.D., Holland, T.J.B., 1990. Calcic amphibole equilibria and a new amphibole -plagioclase geothermometer. Contrib. Mineral. Petrol. 104, 208-224.

Bloomer, S.H., Fisher, R.L., 1987. Petrology and geochemistry of igneous rocks from the Tonga Trench - A non-accreting plate boundary. J. of Geol. 95, 469-495.

Carswell, D.A., 1990. Eclogites and the eclogite facies: definitions and classification. In: Carswell, D.A. (Ed.), Eclogite facies rocks. Blackie and Son Ltd, Glasgow and London, pp. 1-13.

Clague, D.A., Frey, F.A., 1982. Petrology and trace element geochemistry of the Honolulu volcanics, Oahu: implications for the oceanic mantle below Hawaii. J. Petrol. 23, 447-504.

Cloos, M., 1993.  Lithospheric buoyancy and collisional orogenesis: subduction of oceanic plateaus, continental margins, island arcs, spreading ridges, and seamounts.  Bull. Geol. Soc. Am.  105,  715-737.

Coleman, R.G. , 1984. Preaccretion tectonics and metamorphism of ophiolites. Ofioliti 9, 205-223.

Cox, K.G., Bell, J.D., Pankhurst, R.J., 1979. The interpretation of igneous rocks. Allen and Unwin, London, 450p.

Dahl, P.S., 1980.The thermal-compositional dependence of Fe+2 - Mg distributions between coexisting garnet and ppyroxene: applications to geothermometry.Amer. Mineral. 65, .852-866.

Delaney, J.M., Helgeson, H.C., 1978.  Calculation  of  the thermodynamic consequences of dehydratation in subducting oceanic crust  to  100  kb and >800 C. Am. J. Sci.  278,  638-687.

Dick, H.J.B., 1989. Abyssal peridotites, very slow spreading ridges and ocean ridge magmatism. In: Saunders, A.D., and Norry, M.J. (Eds.) Magmatism in the ocean basins. Geol. Soc. Spec. Publ. London 42, 71-105.

Duchene, S., Albarede, F., Lardeaux, J.-M., 1998. Mineral zoning and exhumation history in the Munchberg eclogites (Bohemia). Am. J. of Science 298, 30-59.

Ellis, D.J., Green, D.H., 1979. An  experimental study of the effect of Ca upon garnet-clinopyroxene Fe-Mg exchange equilibria. Contrib. Mineral. and Petrol. 71,  13-22.

Ernst, W.G., 1976. Petrologic phase equilibria. San Francisco, W.H.Freeman and Company, 333.

Ernst, W.G., Liu, J., 1998. Experimental phase-equilibtium study of Al- and Ti- contents of calcic amphibole in MORB - A semiquantitative thermobarometer. American Mineralogist 83, 952-969.

Ewart, A., 1982. The mineralogy and petrology of Tertiary-Recent orogenic volcanic rocks: with cpecial reference to the andesitic -basaltic compositional range. In: Thorpe, R.S. (Ed.), Andesites: orogenic andesites and related rocks, Chichester, Wiley, 26-87 

Filatova, N.I., 1988. Perioceanic volcanic belts. Moscow, Nedra, 264 pp. (in Russian).

Fujita, K., Newberry, T., 1982. Tectonic evolution of Northeastern Siberia and adjacent regions. Tectonophysics  89,  337-357.
Gaggero, L., Spadea, P., Cortesogno, L., Savelieva, G.N., Pertsev, A.N., 1997. Geochemical  investigation of the igneous rocks from the Nurali ophiolite melange zone, Southern Urals. Tectonophysics 276, 139-161.

Ganguly, J., 1979. Garnet and clinopyroxene solid solutions, and geothermometry based on Fe-Mg distribution coefficient. Geochim. Cosmochim. Acta 43, 1021-1029.

Ghent, E.D.,  Stout,  M.Z., 1981. Metamorphism at the Base of the Semail Ophiolite, Southeastern Oman Mountains. J. Geophys. Res. 86, 2557-2571. 

Green, D.H., Ringwood, A.E., 1972. A comparison of recent experimental data on the gabbro-garnet granulite-eclogite transition. J. Geol. 80, 277-288. 

Hacker, B.A, 1991. The role of deformation in the formation of metamorphic gradients: Ridge subduction beneath the Oman ophiolite. Tectonics 10, 455-473.

Hickey, R.L., Frey, F.A., 1982. Geochemical characteristics of boninite series volcanics: implications for their source. Geochim. Cosmochim. Acta  46, 2099-2115.

Humphris, S.E., Thompson, G., Schilling, J.-G., Kingsley, R.A., 1985. Petrological and geochemical variations along the Mid-Atlantic Ridge between 46oS and 32oS: influence of the Tristan da Cunha mantle plume. Geochim. Cosmochim. Acta 49, 1445-1464. 

Jamieson, R.A., 1986. P-T paths from high temperature shear zone beneath ophiolites. J. Metamorph. Geol. 4, 3-22.

Jolivet, L., Goffe, B., Bousquet, R., Oberhansli, R., Michard, A., 1998. Detachment in high-pressure mountain belts, Tethyan examples. Earth and Planet. Sci. Letters 160, 31-47.

Khudoley, A.K., Sokolov, S.D, 1998. Structural evolution of the northeastern Asian continental margin: an example from the western Koryak fold and thrust belt (northeast Russia). Geol. magazine. 135, 311-330.
Krogh, E.J., 1988. The garnet-clinopyroxene Fe-Mg grothermometer - a reinterpretation of existing experimental data. Contrib. Mineral. and Petrol. 99,  44-48.

Leterrier, J., Maury, R.C., Thonon, P., Girard, D., Marchal, M., 1982. Clinopyroxene composition as a method of identification of the magmatic  affinities of paleo-volcanic series. E. and Planet. Science Letters 59, 139-155.

Liou, J.G., Kuniyoshi, S., Ito, K., 1974. Experimental studies of the phase relations between greenschist and amphibolite in a basaltic system. Am. J. Sci. 274, 613-632.

Liou, J.G.,  Maruyama, S., Cho, M., 1985. Phase equilibria and mineral paragenesis of metabasalts in low-grade metamorphism. Mineral. Mag. 49, 321-333.

McGregor, V.R., Mason, B., 1977. Petrogenesis and geochemistry of metabasaltic and metasedimentary enclaves in the Amitsoq gneisses, West Greenland. Am. Mineral. 62, 22-50.

Messiga, B., 1984. Relationships between the chemical domains inherited from the ocean-floor metamorphism and the eclogitic domains equilibration in Ligurian ophiolitic metagabbro. Ofioliti 9, 499-527.

Miyashiro, A., 1973. Metamorphism and metamorphic  belts. London, George Allen and Unwin Ltd., 525.

Miyashiro, A., Shido, F., Kanehira, K., 1979. Metasomatic chloritization of gabbros in theMid-Atlantic Ridge near 30oN. Mar. Geol. 31, 47-52.

Miyashiro, A., Shido, F., 1980. Differentiation of gabbros in the Mid-Atlantic Ridge near 24o N. Geochem. J. 14, 145-154.

Mueller, R.F., Saxena, S.K., 1977. Chemical Petrology. Springer-Verlag, New York,  510.

Nekrasov, G.E., 1976. Tectonics and magmatism of Taiganos and the North-Western Kamchatka. Publishing House "Nauka", Moscow, 158 pp. (in Russian).

Nisbet, E.G., Pearce, J.A., 1977. Clinopyroxene composition in mafic lavas from different tectonic settings. Contrib. Mineral. Petrol. 63, 149-161.

Pamic, J., Adib, D., 1982. High grade amphibolites and granulites at the base of the Neiriz  peridotites in Southern Iran. N. J. Mineral. Abh. 143, 113-121.

Parfenov, L.M., Natapov, L.M., Sokolov, S.D., Tsukanov, N.V., 1993. Terranes analysis and accretion in northeast Asia.  Islands Arc 2,  35-54.
Peacock, S.M., 1987. Creation and Preservation of subduction-related inverted metamorphic gradients. J. Geophys. Res. 92, 12763-12781.

Pearce, J.A., 1982. Trace element characteristics of lavas from destructive plate boundaries. In: Thorpe, R.S. (Ed.),  Andesites. John Wiley and Sons, 525-548.

Perchuk, L.L., 1970. The Equilibria of Rockforming Minerals.  Nauka, Moscow,  390  (in Russian).

Plyusnina, L.P., 1982. Geothermometry and geobarometry of plagioclase-hornblende bearing assemblages. Contrib. Mineral.  and Petrol.  80, 140-146.

Saunders, A.D., Tarney, J., 1984. Geochemical characteristics of basaltic volcanism within back-arc basins.  In: Kokelaar, B.P., Howells, M.F. (Eds.), Marginal Basin Geology: Volcanic and Associated Sedimentary and Tectonic Processes in Modern and Ancient Marginal Basins, Geol. Soc. Lond. Sp. Publ. 16,  59-76.     

Schmidt, M.W., 1992. Amphibole composition in tonalite as a function of pressure: an experimental calibration of the Al in hornblende barometer. Contrib. Mineral. Petrol. 110, 304-310.

Schreyer, W., 1985. Metamorphism of crustal rocks at mantle  depths: High-pressure  minerals  and  mineral  assemblages  in  metapelites. Fortschr. Miner. 63, 227-261.

Sengupta, P., Dasgupta, S., Bhattacharya, P.K., Hariya, J., 1989. Mixing behavior in quarternary garnet solid solution on an extended Ellis and Green garnet-clinopyroxene geothermometer. Contrib. Mineral. and Petrol. 103,  223-227.

Sharaskin, A.Ya., Pustchin, I.K., Zlobin, S.K., Kolesov, G.M., 1983. Two ophiolite sequences from the basement of the Northern Tonga Arc. Ofioliti  8,  411-430.

Silantyev, S.A., 1993. Metamorphic complexes of the Eastern Mediterranean: metamorphic conditions, protoliths, and geodynamic environment. Petrology 1, 395-416.

Silantyev, S.A., 1995. Metamorphism of Contemporary Oceanic Basins. Petrology 3,  20-30.

Silantyev, S.A., 1998. Origin Conditions of the Mid-Atlantic Ridge Plutonic Complex  at 13o-17oN. Petrology 6, 351-387.

Slavinsky, V.V., 1980. Three component distribution between coexisting minerals and geothermometry of garnet - two-pyroxene equilibrium. News of Academy of Sciences of USSR (Geological Issiue) 1, 72-85 (in Russian).

Sokolov, S.D., 1992. Accretionary tectonics of Koryak - Chukotka segment of Pacific belt. Nauka, Moscow, 182. (in Russian).

Spear, F.S., 1981. An experimental study of hornblende stability and compositional variabilty in amphibolite. Am. J. Sci. 281, 697-734.

Spray, J.G.,  Roddick,  J.C.,1980. Petrology and 40Ar/39Ar geochronology of some hellenic sub-ophiolite metamorphic rocks. Contrib. Mineral. Petrol. 72, 43-55.

Sun, S.-S., McDonough, W.F., 1989. Chemical and isotopic systematics of oceanic basalts: implications for mantle composition and processes. In: Saunders, A.D., Norry, M.J. (Eds.), Magmatism in Ocean Basins. Geol. Soc. Spec. Publ., London 42, 313-345.

Tiezzi, L., Scott, R.B., 1989. Crystal Fractionation in a Cumulate Gabbro, Mid-Atlantic Ridge, 26oN. J. Geophys. Res. 85, 5438-5454.

Treloar, P.J., Bluck, B.J., Bowes, D.R., Dudek, A., 1980. Hornblende-garnet metapyroxenites beneath serpentinite in the Ballantre complex of SW Scotland and its bearing on the depth provenance of obducted oceanic lithosphere. Trans. Royal Soc. Edinburgh: Earth Sciences 71, 201-212.

Verma, S.P., 1992. Seawater alteration effects on REE, K, Rb, Cs, Sr, U, Th, Pb and Sr-Nd-Pb isotope systematics of Mid-Ocean Ridge Basalt. Geochemical Journal 26, 159-177. 

Vishnevskaya, V.S., Sokolov, S.D., Bondarenko, G.E., Pralnikova, I.E., 1998. New data on age and correlation of the volcanic-sedimentary complexes of north-western Okhotsk Sea Coast. The Russian Academy of Sciences Reports (Doklady Akademii Nauk) 359, 66-69 (in Russian).

Wilson, M., 1989. Igneous petrogenesis. Unwin Hyman, Boston, 466 p.

Zhulanova, I.L., 1990. The Earth’s Crust of NE Asia in the Precambrian and Paleozoic. Nauka, Moscow, 302 p (in Russian).

Zlobin, S.K., Zakariadze, G.S., 1998. Plutonic rocks in ophiolites from the Sevan-Akera zone (Lesser Caucasus): composition and geodynamic environment. Petrology 1, 413-430.

Figure Captions

Fig. 1. The sketch of northeast Russia tectonic structures. Taiganos Peninsula area is indicated by a square.

Fig. 2. The tectonic map of the Taigonos Peninsula. Povorotny Cape area is shown with the square.

Fig. 3. Geological map of the Povorotny Cape. Cross-section from SE to NW constructed along line A-B. Numbers located in rectangular and oval frames correspond to sampling sites of amphibolites and plutonic rocks, respectively.
Fig. 4. Variations in the TiO2, Al2O3 (A) and Cl (B) contents of amphibole grains from the rocks studied. Arrow indicates retrograde change of amphibole composition in sample 2313/2. Amphibolite sampling sites: 1 - 268, 2 - 2349, 3 - 270, 4 - 2347, 5 - 2351, 6 - 2313; Plutonic rock sampling sites: 7 - 9413, 8 - 9410, 9 - 9412;  Compositional fields of amphibole from oceanic metamorphic rocks and amphibolites of subophiolitic metamorphic soles shown as in (Silantyev,  1993; 1995).

Fig. 5. Variation in TiO2, FeO* (A), and Mg#  (B) for high grade amphibolites (whole rock) and associated plutonic rocks of Povorotny Cape. Amphibolite and plutonic rock sampling sites symbols are the same as in Fig. 4. 1 – 2335 (amphibolites); 2-9435, 3 - 9425, 4 – 2361 (Povorotny Cape gabbros); 5 – bononite gabbros from Tonga Trench (Sharaskin et al., 1983).  Compositional field of boninite gabbros from Tonga Trench, Lesser Caucasus and boninites of Bonin Island shown as in (Sharaskin et al., 1983; Zlobin and Zakariadze,1993; Hickey and Frey, 1982, respectively). Compositional fields of MAR-gabbro shown as in (Miyashiro and Shido, 1980).

Fig. 6. TiO2 vs. P2O5 (A) and La+Sm+Yb (B) variation diagrams for high grade amphibolites and plutonic rocks of Povorotny Cape (whole rock). The symbols are the same as in Fig.4 and 5. Compositional field of MAR-gabbro shown as in (Miyashiro and Shido, 1980; Silantyev, 1998).

Fig. 7. Chondrite-normalized REE patterns (chondrite composition is after (Anders and Grevesse, 1989)) in high grade amphibolites of Povorotny Cape.

Fig. 8. Chondrite-normalized REE patterns (chondrite composition is after (Anders and  Grevesse, 1989)) in  plutonic rocks of Povorotny Cape.

Fig. 9. Trace and rare earth elements abundances in the volcanic rocks of Povorotny Cape normalized to chondrite and tо N-MORB A, B, C – basalts belonging to Kengiveem units; and A* - N-MORB, B and B* - within-plate basalts, C and C*   -low K tholeiites and boninites, D* - boninites (Lagerny unit), and E and E* - evolved tholeiites. Normalizing values after (Saunders and Tarney, 1984).

Fig. 10. Cr and Y distribution in volcanic rocks of the Povorotny Cape as a key to identification of their geodynamic settings after  (Pearce, 1982). 
1 – N-MORB (first group of volcanic rocks), 2 – low K tholeiites and boninites (third group volcanic rocks), 3 – boninites (fourth group of volcanic rocks).

Fig. 11. P-T grid of metamorphism conditions for high grade amphibolites of Povorotny Cape. Boundary between eclogite and granulite facies after (Green and Ringwood, 1972; Ernst, 1976). Arrow indicates retrograde trend  corresponding to exhumation  of high grade amphibolites (sample 1323/2). The symbols are the same as in Fig.4. Geotherms shown  after (Cloos, 1993): CS - cold subduction (6oC/km), WS - warm subduction (10oC/km), NG - normal geotherm (25oC/km),  MOR - geotherm near spreading center and active  volcanic arc (60oC/km).  P-T field of metamorphism of oceanic plutonic rocks shown as in (Silantyev, 1995). 
