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Introdution
The rust mantle interation during orogenesis is a major issue in understanding deep seated thermome-hanial proesses in large orogens and behavior of subontinental mantle during ontinental ollisionin partiular. European Varisan belt o�ers an exeptional opportunity to study tetoni interationsbetween mantle and orogeni lower rust thanks to the presene of bodies of garnet- and spinel-bearingperidotites of variable size inluded in largest Ky�Kfs granulite massifs within the orogeni belt (Behr,1961 � Saxony granulite massif; Gayk and Kleinshrodt, 2000 � Vosges Massif; Medaris et al., 1995� Bohemian Massif). The variety of strutural relationships between peridotites, surrounding gran-ulites and migmatites within the high grade ore of Varisan orogens suggests, that the thermal andmehanial behavior of orogeni lower rust and underlying mantle was omplex and re�et polyphasetetoni history.In addition, seismologial studies of subrustal mantle lithosphere fabris show ontrasting orienta-tion and strength of seismi anisotropy from shear-wave splitting and diretional terms of relative Presiduals and model a di�erent fabri of the mantle lithosphere for prinipal terranes forming EuropeanVarisan belt (Babu²ka and Plomerová, 2006; Babu²ka et al., 2007, 2008).These data suggest heteroge-neous mantle omposition underneath ontinental rust related to Devono-Carboniferous subdutionand ollisional history as shown reently by Babu²ka et al. (2010). Aording to these authors themantle lithosphere forms an integral part of individual terranes forming the Bohemian Massif implyingthat the mantle parts of the lithospheri bloks were rigid during main ollisional event.Bohemian Massif is haraterized by presene of several hundreds of peridotite bodies of varioussize, hemial omposition and degree of serpentinisation (Medaris et al., 2005). These peridotitemassifs orrespond to subrustal mantle, whih experiened various thermal and pressure history dur-ing Varisan orogeny. Several peridotite bloks (spinel-bearing harzburgites) originated during pre-ollisional rifting that is reorded in P-T onditions and geohemistry harateristi for asthenospherimantle (Medaris et al., 2005). In ontrast, other bloks of garnet-bearing lherzolites reveal extreme1



Figure 1. Map of Varisan Belt in Europe (modi�ed after Franke, 2000). Varisides are omposed of several paleogeographidomains (Rhenoherynian, Saxothuringian, Armor-Tepla-Barrandien, Moldanubian, Moravo-Silesian, Cadomian). Ourene ofgranulites in the european Varisan Belt is marked by blue dots.pressure and temperature onditions of 1400 °C and 4�5 GPa and belong to the supra-subdutionmantle wedge, whih is sampled and exhumed by proesses invoked by underlaying subdution zone(Beker, 1996, 1997; Nakamura et al., 2004; Akermann et al., 2009; Mahek et al., 2009).Despite a onsiderable e�ort in understanding petrogenesis and metamorphi onditions of theseroks in the past (Medaris et al., 1995, 1998; 2006; Akerman et al., 2009), sometimes oupled withpetrofabri studies (Kamei et al., 2010), there is a omplete lak in detailed and omplex approahombining geohemistry, strutural, petrology and petrofabris. Reently, anisotropy of magnetisuseptibility method was used in order to understand relationships between internal fabri of peridotiteenlaves and granuliti host rok (Hrouda et al., 2009). These works show, that the mantle fabris areloally geometrially oupled with surrounding orogeni lower rust (Mahek et al., 2009), suggestingommon rheologial and tetoni evolution of lithospheri mantle and lower rust, while others suggesta omplete deoupling based on inoherent fabris in the two lithologies (Hrouda et al., 2009).The study of peridotite fragments an be approahed by two ways: 1) a regional fabri analysis ofthe main peridotite bodies involving eletron bak�sattered di�ration study of olivine and pyroxenepreferred orientations and anisotropy of magneti suseptibility aiming to atalog possible fabri pat-terns in subontinental mantle. 2) Detailed multidisiplinary study of seleted peridotite bodies andtheir host roks using geohemial, petrologial, strutural and geohronologial methods. The seondapproah allows to understand proesses related to the origin of mantle roks and assoiated rust,2



Figure 2. Various pressure � temperature onditions for Czeh garnet peridotites aording Medaris et al. (2005). Colour odingbased on division into di�erent types aording to P/T gradient (type I � red , type II � yellow , type III � green).their P�T�t evolution, and mehanial interations both in mantle, lower rustal and shallow rustaldepths. In this work we seleted the seond strategy, even if several other mantle bodies have beeninvestigated as well. We have seleted a serpentinized spinel and garnet harzburgite body (Mohelnoperidotite) and surrounding Nám¥²´ granulite massif, whih were studied together in order to providea detailed tetoni and petrogeneti model for future studies in other key peridotite bodies.This thesis onsists of three prinipal hapters whih apply di�erent tehniques and respond todi�erent questions related to peridotite origin and their behavior in rust. The �rst hapter dealswith geohemistry and petrogenesis of peridotite together with a model of origin of host rok beforeorogenesis. The seond hapter deals with ombined strutural and petrofabri study of Mohelno peri-dotite and attempt to explain mehanial behavior of peridotite thrust sheet in the frame of polyphasetetoni history of ontinental root. The third hapter is devoted to analysis of development of serpen-tinisation and AMS fabri in shallow rustal levels during �nal exhumation stages. Finally, the lastpart are general onlusions of so far ahieved results ombined with some new petrologial data anda perspetive of large sale geotetoni model of the eastern branh of the Bohemian Massif orogenilower rust.The �rst hapter is foused on the geohemial, petrogeneti and geohronologial investigationsof one of the most prominent lower rustal omplex in the ore of Varisan orogen � the Nám¥²´Granulite Massif loated at the eastern margin of the Bohemian Massif. This hapter is spei�allydealing with a new set of whole-rok geohemial data, petrophysial properties of the roks and3



Figure 3. Three-dimensional model of a transpressional ar system for the Bohemian Massif. The tetoni and magmati proessesare linked, failitating the upward movement of melt (Mahek et al. 2009).sensitive high-resolution ion�miroprobe (SHRIMP) U-Pb ziron in situ dating of mineral fabris ingranulites in partiular. The whole-rok geohemial analyses are obtained for all three main lithologiesfrom the Nám¥²´ Granulite Massif (NGM), namely felsi Ky�Kfs�Grt granulite, spinel- and garnet-bearing peridotite and garnetiferous amphibolite enveloping the NGM. The main results of this studyan be summarized as follows: the geohemial signature of the Nám¥²´ granulite share the sameompositional features as other granulite ourrenes in the Moldanubian Zone suggesting that thesame petrogenetial model of their origin an be adopted. This is a model of a HP�HT isohemialmetamorphism of ontinental rust of graniti omposition, taking plae at the bottom of thikenedontinental rust (Janou²ek et al., 2004). The di�erene in protolith ages for roks of idential hemistrymay indiate, that the similar formation proess of preursors of future granulites ourred in mid-Ordoviian and Devonian times. The main di�erene is in protolith ages, that are Lower Devonianin the NMG ompared to mid-Ordoviian in other main granulite massifs. In addition the 353 Maage of metamorphism is in average 13 My years older ompared to more westerly equivalents. Themetabasites reveal the omposition of E-MORB or Within Plate Tholeiite whih is in aord withsimilar ourenes of Late Cambrian to Early Ordoviian age. Beause the hemistry of these roks andtheir strutural position are more or less similar (Hök et al., 1997) it is very likely that the studied roksare also of Lower Palaeozoi, most probably of Late Cambrian to Early Ordoviian age. The peridotitesreveal omposition of harzburgite of asthenospheri origin possibly refertilized in slow spreading ridgesetting. Even if the existing Nd-Sm age an be onsidered as a ooling age, it is most likely related4



to the upwelling during rifting history (Beard et al., 1992; Beker, 1997) and therefore the proess offormation of studied peridotite is probably Late Devonian. This work shows that the three lithologiesannot originate in a single geodynami environment. The granulites represent a Devonian and mid-Ordoviian ontinental rust, while the metabasites re�ets Cambro-Ordoviian rifting, whih preludestheir ommon origin. Based on these harateristis and ontrasting P�T data, we adopt here a modelof lower rustal relamination of ontinental rustal allohthon below autohthonous ma� lower rustof Moldanubian ontinent (Lexa et al., 2011). The earlier metamorphi ages of lower rustal allohthonompared to westerly massifs are interpreted in terms of diahronous emplaement and di�erent timesale of thermal maturation of western and eastern portions of relaminated rust, respetively. Thevarious mantle geohemistry re�ets the heterogeneous omposition of subontinental mantle, whihwas sampled during the proess of relamination of the rust. This mehanisms an explain signi�antvariations and P�T onditions of mantle material ouring today in individual granulite massifs in theBohemian Massif.The seond hapter deals with peridotite sheet deformed by intra-mantle shear zone and refoldedin lower to middle rustal onditions. We disuss the strength models of the ontinental lithosphereomposed by: i) strong lithospheri mantle and weak lower rust for average and hot geotherms, ii)weak mantle based on experiments and seismi studies suggesting that the strength ontrast betweenmantle and rust an vary in order of several magnitudes. These models result from experimentaland partly also geophysial studies but �eld based mehanisti models are laking so far. The internalzone of the European Varisan orogen (Bohemian Massif, Czeh Republi) ontains large omplexesof Ky�Kfs granulites with inorporated spinel and garnet peridotites that an respond to question ofmantle-lower rust strength ontrast from the �eld perspetive.Studied garnet-spinel (Mohelno) serpentinized harzburgite our in felsi Nám¥²´ Granulite Massifand orresponds to large slie of depleted oeani asthenosphere with peak PT onditions of about2.2 GPa and 1150 °C (Medaris et al. 2005). The peridotite body forms large fold with steep hingeand vertial axial plane. Garnet belong to mineral assemblage within rarely preserved oarse-grainedmirostruture along the inner margin of the large fold. The original oarse-grained mirostrutureis dynamially rerystallized forming ultra �ne-grained spinel-bearing myloniti matrix (D = 10�20mirons). Surrounding felsi granulite shows myloniti fabri S2 (rarely with preserved oarse-grainedgranulite fabri S1) revealing peak onditions of 18 kbar and 800 °C and heterogeneous D3 retrogressionat about 0.7�1 GPa and 650 °C. The myloniti granulite faies foliation S2, whih is ompletely parallel5



Figure 3. Geologial and strutural map of Nám¥²´ Granulite Massif, Bohemian Massif, Czeh Republi (aording to thegeologial map 1:50000 sheet of the Czeh Geologial Survey).with the shape of the peridotite folded sheet, is later a�eted by small sale folding, shearing andmelting during D3 retrogression. The EBSD measurements show presene of two di�erent dry slippatterns. The inner margin of the fold reveals presene of axial [010℄ LPO pattern, while the linear[100℄(0kl) LPO olivine pattern is dominant in the rest of the fold. Intersetion of the olivine LPOfoliation plains from northern limb and axial part of the megafold well de�nes β-axis of the fold whihis in good agreement with luster maximum of the olivine LPO lineation diretions from the samearea. In the southern limb of the megafold the olivine LPO foliation plains are subvertial and LPOlineation diretions are randomly oriented within the foliation. Both slip systems are onordant withS2 fabri in the surrounding granulites.Peridotite body evolution starts in the intra-mantle shear zone leading to almost homogenous re-dution of the grain size into myloniti �ne-grained matrix. This deformation emplaes mylonitizedperidotite into the bottom of the thikened orogeni root and also triggers HT�HP mylonitization6



in surrounding granulites as well. Afterwards, the myloniti fabri both in peridotite and granuliteis atively reworked during intensive folding in front of the Brunia indenter at lower rustal ondi-tions. Continuous advane of the indenter leads to extrusion of the granulite-peridotite omplex tomid-rustal onditions and subsequent retrogression. Our dataset shows good mehanial oupling be-tween peridotite sheet and host felsi granulite, pointing to relatively low rheologial ontrast betweenupper-mantle and lower-rustal roks in lower rust onditions.The third hapter deals with the magneti fabri in a highly serpentinized ultrama� body fromorogeni root. An attempt is made to understand magneti fabri from this highly serpentinized peri-dotite, its link to the olivine and pyroxene mirostruture and tetoni evolution of the whole area.Temperature limit of serpentinization with respet to the development of the myloniti mirostru-ture in the Mohelno peridotite indiate, that serpentinization ours as stati post-folding proess.Serpentinization of the studied peridotite is mostly expressed by presene of the lizardite and ironoxides. Density measurement realulations projeted against bulk magneti suseptibility revealsthat widespread serpentinization alters 50 % to 100 % of the rok volume. Study of low tempera-ture and high temperature variation of suseptibility divides the peridotite samples into three maingroups. Group I shows suseptibilities lower than 10-3 [SI℄ that orresponds to paramagneti mineralsonly, while Group II and Group III show magneti suseptibilities 10-3�10-2 [SI℄ and higher than 10-2[SI℄, whih require presene of ferromagneti minerals. Analysis of thermomagneti urves revealedthat a magnetite in Groups II and III is aompanied with both high and low temperature variety ofmaghemite and in some speimens also by a mineral from magnetite � hromite or magnetite � spinelseries. The AMS patterns from the massif an be divided in three main types aording to shapeof magneti ellipsoid, degree of anisotropy and orientation of suseptibility diretions. The Type Ifabri is haraterized by lustered K1 diretions, girdle distribution of K2 and K3 diretions, prolateshape of AMS ellipsoid and low degree of magneti anisotropy. The most ommon Type II fabripattern is marked by lustered K1, K2, K3 diretions, plane strain to oblate fabris and generallyhigh degree of suseptibility. The Type III of fabri reveals lustered K3 diretions, girdle distributionof K1 and K2 diretions, mainly oblate shapes of AMS and intermediate to high degree of magnetianisotropy. The least serpentinized samples orroborates with least magneti samples of the Group I,whih also oinide with rarely preserved oarse-grained or ore and mantle mirostruture with largeorthopyroxene porphyrolasts. This group of samples reveals presene of the Type I AMS pattern. Thesamples of Groups II and III show generally myloniti �ne-grained mirostruture marked by strong7



serpentinization. Both groups of samples reveal presene of mainly Type II and the Type III patterns.Spatial distribution of Km and P parameters implies advaning serpentinization from the margins tothe enter of the body marked by presene of Group I samples in the ore of the body. Orientationof magneti foliations and lineations hanges from the Group I to the Group III. Magneti foliationfollows the fold shape of the peridotite in the Group I and II, while in the Group III there are foliationsforming NW-SE trending great girdle, as well as one strong subgroup of foliations dipping to the Westat moderate angles. Magneti lineation is gently plunging in the foliation without preferred orientationin the Group I, while in the Group II and III it is either gently plunging to the South or it onentratesaround the peridotite fold axis moderately plunging to the West. The intensity of fabri alignmentinreases from the Group II towards Group III in onjuntion with inreasing bulk suseptibility. Wesuggest that the Group I samples re�et either pre-folding olivine fabri or fabri de�ned by largeorthopyroxene porphyrolasts rotated to the easy-glide orientation within the syn-folding mylonitimatrix. Advaned serpentinization and ferromagneti fabri measured in the Group II and III an beexplained as a result of two ompeting fators: 1) the penetration of H2O-rih �uids along the grainboundaries in the �ne-grained mirostruture and rystallization of magnetite following grain boundarynetwork mimetize the shape of olivine and pyroxene within myloniti mirostruture. 2) the deforma-tion superimposed on almost random serpentine and magnetite matrix,-bearing well oriented olivineand pyroxene. In our model, the weak strain is able to reorient small magnetite rystals, but does notmodify strong inherited fabri of olivine and pyroxene. We propose a tetoni senario oherent withregional strutural pattern supporting the latter model.In general onlusions we orrelate so far aquired results from orogeni margin granulite massifswith that of present study, as well as with granulite and peridotite bodies preserved in the interior of therustal root. This study will be used to integrate petrologial evolution of peridotite and surroundingroks and to develop a new model of rust and mantle interations in thikened ontinental rust.We show, that the inorporation of peridotite fragments and their early exhumation together withhot orogeni lower rust ourred during independent tetoni yle from hannel �ow deformationontrolling the eastern margin of the orogen. We suggest, that the mantle underneath thikenedorogeni rust is deformable, probably a�eted by heterogeneous shear zones and adjust its fabri todeformation of orogeni root systems above. It is very likely that suh shear zones are not detetableby geophysial methods.
8
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AbstratWhole-rok geohemial analyses were obtained for all three main lithologies from the Nám¥²´ Gran-ulite Massif (NGM), namely felsi Ky-Kfs-Grt granulite, spinel- and garnet-bearing peridotite andgarnetiferous amphibolite enveloping the NGM. The geohemial signature of the Nám¥²´ granulitedisplays the same ompositional harateristis as other granulite ourrenes in the MoldanubianZone. Protolith omposition of E-MORB or Within Plate Tholeiite well explains the geohemialpatterns from amphibolite of NGM metabasite envelope and is in aordane with similar ourenesof Late Cambrian to Early Ordoviian age at the eastern margin of the Bohemian Massif. The spineland garnet peridotite from the Mohelno peridotite body reveal omposition of harzburgite of astheno-spheri origin possibly refertilized in slow spreading ridge setting. The preise data from sensitivehigh-resolution ion-miroprobe (SHRIMP) U-Pb ziron in situ dating of the granulite and amphiboliteyielded Early Devonian protolith ages for the Nám¥²´ granulite and ommon peak metamorphi age~353 Ma. Both these ages are di�erent from those ommon for other granulites from MoldanubianZone. This work shows that the three lithologies annot originate in a single geodynami environment.The granulites represent a Devonian and mid-Ordoviian ontinental rust, while the metabasites re-�ets Cambro-Ordoviian rifting whih preludes their ommon origin. Based on these harateristisand ontrasting P�T data we adopt here a model of lower rustal relamination of ontinental rustalallohthon below autohthonous ma� lower rust of Moldanubian ontinent. The older metamorphiages (~353 Ma) of lower rustal allohthon ompared to westerly massifs (~340 Ma) are interpretedin terms of diahronous emplaement and di�erent time sale of thermal maturation of western andeastern portions of relaminated rust, respetively.Keywordswhole-rok geohemistry � U-Pb SHRIMP dating � zirons � granulite � peridotite � amphibolite �Bohemian MassifIntrodutionFelsi, kyanite�K-feldspar�garnet granulites bearing volumetrially minor, but petrogenetially im-portant, peridotite fragments alled �orogeni peridotites� (garnet or spinel peridotite, pyroxenite andassoiated elogite), represent a typial rok assemblage for the high grade ore of the EuropeanVarisan Belt (Pin and Vielzeuf, 1983; Carswell and O'Brien, 1993; Franke, 1993; Medaris et al., 1995;12



Gayk and Kleinshrodt, 2000; Cooke and O'Brien, 2001; O'Brien and Rötzler, 2003). These gran-ulite�peridotite omplexes our at many plaes of the Varisan Bohemian Massif, espeially in theMoldanubian and Saxothuringian zones (O'Brien and Rötzler, 2003). In the Moldanubian Zone, thegranulite massifs are onentrated in the high-grade Gföhl Unit, whih represents the most intenselymetamorphosed part of this internal orogeni zone (Franke, 2000). The granulite massifs are ommonlyaompanied by a belt of garnetiferous amphibolites-bearing relis of retrogressed elogites and bandedamphibolites alled olletively the �Begleit Serie � aompanying series� (�ihta°ová, 1981; Finger andSteyrer, 1995; Fritz, 1995).Reently, a new interpretation of this rok sequene was proposed based on lithologial struture,geohemistry and geohronology of these roks (Lexa et al., 2011). The ommon struture of thisrok sequene is based on struturally highest felsi granulites and peridotites separated from middlerustal units represented by MP�MT roks of the Varied and Monotonous formations by the "BegleitSerie" (Raek et al., 2006; 2008). This struture was lassialy interpreted as a result of large salenappe tetonis a�eting the ore of the Bohemian Massif (Matte et al., 1990; Franke, 2000). However,the modern petrologial, geohemial and strutural studies have shown that the granulites representoriginally deepest part of the double thikened rust, while the metabasi layer represents originallower rust of the Moldanubian ontinent loated bellow middle rustal mostly metasedimentary unitsof late Proterozoi to Lower Paleozoi age (Shulmann et al., 2005). Aording to this model the gran-ulite�peridotite omplexes represent a lower rustal allohthon emplaed underneath autohthonousMoldanubian rust by mehanism alled tetoni relamination (Lexa et al., 2011). The expressionrelamination (Haker et al., 2007) is usually used for proess of the addition of low density rust un-derneath the dense root. These authors also proposed, that the reent struture of the internal part oforogen is a result of Carboniferous laterally fored gravity overturns responsible for tetoni inversionof lithologies.Understanding of the tetoni and metamorphi history of these lower rustal omplexes is ruial fororret interpretation of the Varisan ollisional history. During the last two deades a large e�ort wasarried out to determine the prograde and retrograde metamorphi paths (P�T�t) of granulites in orderto understand burial and exhumation proesses within deep rustal root (see O'Brien and Rötzler, 2003;Kotková, 2007 for reviews). In addition, several petrologial studies foussed on metamorphi evolu-tion of garnet and spinel peridotites (Medaris, 1990; 2005) were performed attempting to understandrelation between lithospheri mantle and orogeni lower rust. The petrology of amphibolites 13



Figure 1. (a) Simpli�ed map of the eastern margin of the Bohemian Massif with high-grade Gföhl and medium-grade Monotonousand Varied units (after European Transeuropean Suture Zone projet, http://www.geofys.uu.se/eprobe/Projets/tesz/TESZ.htm).(b) Geologial map of the Nám¥²´ Granulite Massif with embedded Mohelno peridotite (aording 1:50000 map sheet, CzehGeologial Survey). () loalization of the geohemial and ziron SHRIMP dating samples in lose viinity of the Mohelnoperidotite.
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was rather undervalued appart of few studies of retrogressed elogites and ma� granulites (�típskáand Powell, 2005a; Raek et al., 2008). Lexa et al. (2011) proposed that the geohemial nature andpre-metamorphi history of the protoliths of the three key lithologies is equally important for under-standing of signi�ane of lithotetoni strati�ation of Varisan orogen. It was shown that whole-rokgeohemial omposition provides a useful information regarding protoliths of felsi and intermediategranulites from a range of granulite massifs (Janou²ek et al., 2004); peridotites (Medaris et al., 2005,2009; Akerman et al., 2009) and more rarely from aompanying metabasite layer and other amphibo-lite bodies (Janou²ek et al. 2008; Soejono et al. 2010). Unfortunately original �eld relations, primarymineral assemblages and fabris are modi�ed or ompletely erased by intense tetonometamorphireworking.The aim of this work is to haraterize the geohemistry of protoliths of various roks forming theNám¥²´ Granulite Massif inluding felsi Ky�Kfs�Grt granulite, embedded spinel/garnet peridotitebodies and surrounding garnet-bearing amphibolite envelope. Results of preise SHRIMP U-Pb zir-on dating of both granulite and amphibolite are ombined with the whole-rok geohemial data toonstrain the absolute and relative timing of rok origin and their metamorphi history. Finally, anattempt is made to propose a geodynami model of original (pre-exhumation) lithotetoni strutureof the lower rust in the studied area and orrelate it with other areas of the Bohemian Massif andVarisan Europe. It will be shown that the protolith and metamorphi history of peridotite, granuliteand amphibolite on�rms the reently proposed model of tetoni relamination based on geohemistyand geohronology data oming from the western part of the orogen. The extension of lower rustal al-lohthon to the East and geohronologial partiularities modify existing hypotheses for the geotetonimodel of eastern margin of the Varisan front.
Geologial setting and studied lithologiesThe studied Nám¥²´ Granulite Massif (NGM) is one of the most important lower rustal omplexesof the Bohemian Massif. The study area is situated in the Moldanubian Zone forming the ore ofVarisan orogen at the eastern margin of the Bohemian Massif (Fig. 1a). Here, the easternmostpart of the Moldanubian Zone was thrust over nappes of the Moravian Zone derived from the Bruniamiroontinent in the North and East (Shulmann et al., 1991; Urban, 1992; Dallmeyer et al., 1995;15



Franke, 2000). The Moldanubian Zone is interpreted as an orogeni root of the Bohemian Massif de-veloped during the Varisan ollision in the Devonian to Carboniferous times (Shulmann et al., 2005).This zone is subdivided into three main units (Fig. 1a): the medium-grade Varied and Monotonousunits and the high-grade Gföhl Unit (Tollman, 1982). Both the amphibolite�faies Monotonous andVaried units are dominatly formed by sillimanite- and garnet-bearing paragneisses, orthogneisses andamphibolites aompanied in Varied Unit by marbles, quartzites and metavolani sequenes. Bothmetasedimentary series show Lower Paleozoi age of sedimentation (Ko²ler et al., 2011), while in-terbedded orthogneisses provide generally Late Proterozoi ages (Kröner et al., 1988; Friedel et al.,2004; Shulmann et al., 2005). In ontrast, the high-grade Gföhl Unit onsists of anateti orthogneiss,amphibolite of the aompanying series, migmatite, granulite, elogite and peridotite.The Gföhl Unit granulite protolith is assumed to be rhyoliti or graniti (Mat¥jovská, 1975; Fialaet al., 1987), having experiened a di�erent degree of Carboniferous partial melting and melt lossaording to di�erent authors. The origin of felsi granulites is interpreted as result from eitheralmost isohemial metamorphism of high-level granites subduted to large depthts of 70�100 km(Janou²ek et al., 2004; Lexa et al., 2011) or by rystallization of ultra-high pressure graniti magmasat the base of thikend rust (Jake², 1997; Kotková and Harley, 1999). The age of the granuliteprotolith has been onstrained by SHRIMP dating to Early Palaeozoi (488 ± 6 Ma: Friedl et al., 2003;469.3 ± 3.8 Ma: Kröner et al., 2000a) or ~400 Ma (Shulmann et al., 2005), whereas the age of theVarisan metamorphism was estimated to ~340 Ma (onventional U-Pb ages for ziron and monazite,SHRIMP ages on ziron rims, U-Pb on monazite: van Breemen et al., 1982; Aftalion, 1989; Kröneret al., 2000a; Friedl et al., 2003 and referenes therein). Some peridotite bodies are interpreted eitheras a lithospheri mantle (garnet peridotites with elogites) due to their geohemistry and very highpressure onditions (Nakamura et al., 2004; Medaris et al., 2005) while others re�et asthenospheriorigin (spinel- to garnet-bearing harzburgites) based on di�erent geohemial signatures and lowerP�T onditions (Medaris et al., 1990). Existing, Nd-Sm ages show variations between Devonian toCarboniferous ooling ages (Beard et al., 1992; Medaris et al., 1995; Beker, 1997). The "aompanyingseries" amphibolites show generally MORB type geohemistry (�ihta°ová, 1987; Finger and Steyrer,1995) and are sometimes interpreted as a reli of a Silurian oean separating Moldanubian ontinentaldomain from the Brunia ontinent (Finger and Steyrer, 1995; Finger and Von Quadt., 1995; Hök etal., 1997).16



Figure 2. Textures of granulites and peridotites from the Nám¥²´ Granulite Massif hosting the Mohelno peridotite body. (a)biotite�sillimanite granulite, sample WKGCH3, (b) Ky�ternary Fsp granulite, sample WKGCH16, () garnet peridotite, sampleWKGCH5, (d) spinel peridotite, sample WKGCH6. Images are sans of thin setions in plane- and ross-polarized light.Nám¥²´ granulites and nearby granulite bodiesThe Nám¥²´ granulites are felsi garnet-kyanite-alkali feldspar roks with dominant myloniti �ne-grained mirostruture (T = 700 °C and P = 0.9�0.6 GPa at 350�330 Ma), surrounding relis of oarse-grained mirostruture (T = 750 °C and P = 1.1�1.4 GPa at 370�350 Ma) of early granulite-faiesstage (Urban, 1992). Nearby granulite massifs provided peak P�T onditions of 800 °C at pressure of1.8 GPa (�típská and Powell, 2005b; �típská et al., 2008). Detailed petrologial work has been arriedout on the Lower Austrian granulites south of the NGM and showed peak P�T onditions estimatedat ≥ 1.5 GPa and ~850 ºC, while �ne-grained mirostruture revealed T = 760 °C and P = 1.1 GPaalong the retrograde P�T path (Raek et al., 2006). North of the NGM, Stráºek granulites yieldedpeak P�T onditions at ~1.8 GPa and ~850 °C, while deompression assoiated with mylonitizationourred at ~1.3 GPa and ~790 °C (Taj£manová et al., 2006). On the other hand, Carswell and O'Brien(1993) and Cooke and O'Brien (2001) alulated peak P�T onditions to ~1000 °C at 1.6�1.8 GPa for17



Figure 3 Textures of amphibolites and suspet igneous roks from the Nám¥²´ Granulite Massif (a,b, � amphibolite, d,e,f �suspet igneous rok). (a) garnetiferous amphibolite, sample WKGCH19, (b) mylonitized garnet�bearing amphibolite, sampleWKGCH14, () garnetiferous amphibolite, sample WKGCH12, (d) amphibole�biotite igneous rok, sample WKGCH1, (e) lightamphibole�bearing igneous rok, sample WKGCH18, (f) light igneous rok with amphibole, sample WKGCH9. Images are sansof thin setions in plane- or ross-polarized light.felsi�intermediate granulites in Lower Austria.Reent petro-strutural study (Chapter 2) reveals that the tetoni history of granulites an bedesribed by a suession of three main metamorphi fabris: granuliti oarse-grained S1 fabri is18



haraterized by a granulite�faies mineral assemblage suh as garnet, kyanite, ternary feldspar andrutile and is preserved only in low-strain domain within the internal part of the Mohelno peridote fold.Ultramyloniti granulite S2 fabri shows also granulite�faies mineral assemblage with ternary feldsparpreserved only as garnet inlusions. The S2 fabri was assoiated with emplaement of the peridotitesheet into the orogeni root and initiation of the granulite omplex exhumation (Chapter 2). The S3fabri is desribed as amphibolite�faies retrogressive fabri assoiated with partial melting formingfoliation�parallel leuosomes. Granulites with S3 fabri are strongly retrogressed as shown by a syn-D3growth of sillimanite and biotite and aumulation of elongated lenses of graniti melt.Mohelno peridotiteThe Mohelno serpentinized peridotite belongs to numerous bodies of spinel to garnet peridotite en-losed within retrogressed granulites of the NGM. Their size range up to several kilometres (Urban,1992) and most of them have the shape of lenses, while the Mohelno serpentinized peridotite revealsa shape of isolinal fold (Fig. 1b). There are several studies dealing with peridotite deformationalhistory, mirostrutures and serpentinization related proesses (Medaris et al., 2005; Kamei et al.,2010; Chapter 2; Chapter 3). Peridotites provide a geohemial signature harateristi of an astheno-spheri origin (Medaris et al., 1990). Spinel peridotites from Mohelno an be stable up to pressuresof 2.1�2.2 GPa within the low P�T �eld (based on their spinel ompositions; O'Neill, 1981), but theirequilibration temperature at ~1100 °C (derived from two�pyroxene geothermometry; Taylor, 1998) issigni�antly less ompared to garnet peridotite (~1300 °C, ~2.7 GPa; Medaris et al., 2005).Amphibolite from the Nám¥²´ Granulite MassifThe NGM is surrounded by broad envelope of garnetiferous, migmatiti amphibolite (Fig. 1b).These roks experiened high-grade metamorphism at granulite�faies onditions with primary mineralassemblage linopyroxene, plagiolase and garnet ± orthopyroxene and rutile (�ihta°ová, 1981; N¥me,1996). During retrogression under amphibolite�faies onditions, granulite�faies mineral assemblagewas replaed by an assoiation of amphibole, plagiolase, biotite ± garnet, ilmenite, quartz. Thegeohemistry of these roks orrespond to that of tholeiiti basalts (�ihta°ová, 1981), or more preiselyMORB basalts aording to the REE-distribution (Mat¥jovská, 1987; René, 2008, 2009) 19



Whole-rok geohemistryAnalytial tehniquesThe presented dataset onsists of 19 new whole-rok analyses of the main lithologies of the Nám¥²´Granulite Massif (with minimal weight of soure material > 15kg). Five peridotite samples as freshas possible were olleted within the Mohelno peridotite body (garnetiferous � WKGCH4, WKGCH5;spinel-bearing � WKGCH6, WKGCH7 and WKGCH10), eight samples of fresh granulites (WKGCH2,WKGCH3, WKGCH8, WKGCH11, WKGCH13, WKGCH15, WKGCH16 and WKGCH17) in sur-rounding Nám¥²´ granulite (Fig. 1b, 1 and 2). Three samples of garnetiferous amphibolite (WKGCH12,WKGCH14 andWKGCH19) were obtained from the amphiboliti belt enveloping whole granulite�peridotiteomplex and three other samples of amphibole�plagiolase biotiti rok from the viinity of gran-ulite�peridotite ontat (WKGCH1, WKGCH9 and WKGCH18) (Fig. 1b, 1 and 3).After the onventional rushing and homogenization, the powders produed under aeton in agatemill have been analyzed in Ame Analytial Laboratories Ltd., Vanouver. The major and minorelements were determined by ICP-OES and most trae elements (Ba, Cs, Ga, Hf, Nb, Rb, Sr, Ta, Th, U,V, Zr, Y, and REE) by ICP-MS. The dissolution of the rok powders in both ases followed fusion witha LiBO2/Li2B4O7 �ux. The analyses of remaining trae elements, and transition metals in partiular(Cu, Pb, Zn, Cr and Ni), were arried out by ICP-MS following leahing with a HCl�HNO3�H2Omixture at 95 ºC for 1 hour.Realulation and visualisation of geohemial data were failitated using the R software pakageGCDkit (Janou²ek et al., 2006). The newly obtained geohemial data from all lithologies are summa-rized in Tab. 1 � major-elements, Tab. 2 � trae-elements and Tab. 3 � REE + Y analyses.GranuliteThe newly obtained granulite data were ompared with large Moldanubian granulite geohemialdatabase from Janou²ek et al. (2004).Major elementsAll eight newly analysed granulite samples show K/Rb ratios 200�500, whih fall into interval oftypial ontinental rust (Rudnik et al., 1985), therefore they are not markedly depleted in Rb (Fig.4). Near�linear trend for Rb vs. K/10000 implies no signi�ant depletion in alkalis, whih an be thusused for lassi�ation and petrogeneti onsiderations. In the diagram two groups of samples an be20



Tab. 1 Major-element analyses from the Nám¥²´ Granulite Massif (wt. %)WKGCH12 WKGCH19 WKGCH14 WKGCH6 WKGCH4 WKGCH7 WKGCH5 WKGCH10 WKGCH1 WKGCH9Rok amphibolite amphibolite amphibolite peridotite peridotite peridotite peridotite peridotite APM APMSiO2 41.60 43.20 46.13 39.73 40.21 40.70 40.89 41.35 45.05 58.15TiO2 1.62 1.56 1.74 0.06 0.12 0.07 0.08 0.12 1.96 0.32Al2O3 18.53 19.01 15.66 2.32 3.20 2.71 2.70 3.36 14.03 22.54Fe2O3T 12.66 15.17 11.29 8.01 8.15 8.05 8.08 8.26 11.02 2.44MnO 0.17 0.24 0.18 0.11 0.11 0.11 0.11 0.12 0.11 0.02MgO 8.92 6.16 7.87 35.86 34.16 35.14 36.06 34.61 11.89 1.58CaO 10.85 11.14 11.14 2.05 2.36 2.33 2.09 2.64 9.55 4.99Na2O 1.77 2.30 3.04 0.12 0.20 0.15 0.18 0.23 2.70 6.64K2O 1.20 0.16 0.52 b.d.l. <0.01 b.d.l. <0.01 b.d.l. <0.01 b.d.l. <0.01 b.d.l. <0.01 2.01 1.59P2O5 0.39 0.12 0.22 b.d.l. <0.01 b.d.l. <0.01 b.d.l. <0.01 0.01 b.d.l. <0.01 0.29 0.17LOI 1.8 0.6 1.9 10.5 10.3 9.5 8.5 8.1 0.9 1.3
Σ 99.51 99.66 99.69 98.76 98.81 98.76 98.70 98.79 99.51 99.74K2O/Na2O 0.68 0.07 0.17 0.74 0.24A/CNK 0.77 0.79 0.61 0.59 1.04mg# 58.3 44.6 58.0 89.9 89.3 89.6 89.8 89.3 68.1 56.2WKGCH18 WKGCH17 WKGCH3 WKGCH13 WKGCH15 WKGCH2 WKGCH8 WKGCH16 WKGCH11Rok APM granulite granulite granulite granulite granulite granulite granulite granuliteSiO2 59.46 65.24 67.06 73.42 74.12 74.38 74.69 75.02 77.41TiO2 0.49 0.58 0.74 0.20 0.26 0.13 0.25 0.14 0.04Al2O3 18.74 17.09 15.27 14.00 13.82 13.82 13.72 13.11 12.73Fe2O3T 4.61 4.93 5.06 1.89 2.09 1.82 2.64 1.88 1.00MnO 0.05 0.05 0.07 0.03 0.03 0.03 0.03 0.03 0.02MgO 3.02 1.34 1.80 0.38 0.46 0.23 0.75 0.33 0.08CaO 5.79 4.27 2.73 1.03 1.06 1.44 1.02 0.88 0.58Na2O 5.18 3.47 3.33 3.04 2.67 3.92 4.56 2.99 4.57K2O 1.36 2.34 2.86 4.98 5.02 3.22 1.93 4.77 2.95P2O5 0.24 0.12 0.19 0.12 0.13 0.03 0.05 0.06 0.02LOI 0.70 0.30 0.60 0.80 0.20 0.80 0.20 0.70 0.50

Σ 99.64 99.73 99.71 99.89 99.86 99.82 99.84 99.91 99.90K2O/Na2O 0.26 0.67 0.86 1.64 1.88 0.82 0.42 1.60 0.65A/CNK 0.91 1.07 1.13 1.14 1.18 1.1 1.2 1.12 1.08mg# 56.5 35.0 41.3 28.5 30.4 20.0 36.0 25.8 13.721



Tab. 2 Trae-element analyses from the Nám¥²´ Granulite Massif (ppm)12 19 14 6 4 7 5 10 1 9Rok amphibolite amphibolite amphibolite peridotite peridotite peridotite peridotite peridotite APM APMRb 34.7 1.2 9.7 0.2 0.2 0.2 0.3 <0.1 46.2 54.3Cs 4.0 0.2 0.9 <0.1 <0.1 <0.1 <0.1 <0.1 0.8 1.1Ba 735 62 48 2 2 <1 2 2 850 520Sr 708.5 399.0 346.6 3.7 9.5 5.9 8.2 9.1 539.8 1087.0Th 0.2 <0.2 0.7 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2U 0.5 <0.1 0.3 <0.1 <0.1 <0.1 <0.1 <0.1 0.4 0.4Zr 60.2 29.2 124.1 1.1 6.6 1.4 3.5 8.1 149.7 64.3Hf 2.3 1.0 3.1 0.2 0.3 <0.1 <0.1 0.2 4.6 2.3Nb 6.6 2.1 8.6 <0.1 <0.1 <0.1 <0.1 <0.1 9.5 2.3Ta 0.4 0.1 0.5 <0.1 <0.1 <0.1 <0.1 <0.1 0.6 0.2Pb 3.8 0.5 0.3 <0.1 0.1 0.1 0.1 <0.1 1.5 1.9Ga 19.9 20.2 18.3 2.5 4.1 2.8 3.1 3.1 21.6 27.2Sn 2 <1 1 <1 <1 <1 <1 <1 10 4Cr* 212.1 <13.7 123.2 2415.4 2340.1 2278.6 2449.6 2388.0 95.8 <13.7Ni 74 <20 59 2016 1866 1994 1997 1886 86 <20Co 46.6 37.5 44.9 99.7 100.6 97.1 99.0 94.7 46.8 8.1V 367 386 279 58 74 64 61 69 361 47S 44 48 39 11 13 13 12 13 42 7Cu 71.2 25.5 59.4 16.1 17.5 19.0 17.6 22.4 31.9 14.5Zn 26 20 15 14 16 13 11 15 44 30K/Rb 287.1 1106.8 445.0 � � � � � 361.2 243.118 17 3 13 15 2 8 16 11Rok APM granulite granulite granulite granulite granulite granulite granulite granuliteRb 37.9 57.2 81.3 170.3 175.4 77.3 32.7 174.9 89.4Cs 0.5 0.4 0.9 0.4 0.4 0.2 <0.1 0.2 <0.1Ba 432 895 894 460 501 1090 459 266 192Sr 921.7 212.7 261.5 64.9 84.3 101.8 93.1 35.4 19.0Th 0.8 7.6 1.5 13.7 4.2 <0.2 12.5 5.6 3.8U 0.3 1.2 0.6 0.9 0.8 0.3 1.5 0.5 0.4Zr 58.9 239.7 269.6 117 114.7 104.9 142.3 90.3 57Hf 2.1 7.0 7.6 4.3 3.5 3.7 5.0 3.4 2.9Nb 3.2 13.6 11.7 6.4 9.5 2.3 7.2 6.1 2.2Ta 0.2 0.7 0.8 0.2 0.7 0.1 0.5 0.4 <0.1Pb 0.9 0.5 0.8 1.1 1.5 0.4 0.6 0.5 0.4Ga 24.4 20.1 17.9 16.7 15.6 18.3 18.2 16.3 19Sn 5 <1 2 2 5 2 2 2 1Cr* 47.9 34.2 41.1 <13.7 <13.7 <13.7 27.4 <13.7 <13.7Ni <20 <20 23 <20 <20 <20 <20 <20 <20Co 12.8 6.8 10.7 2.3 3.7 1.5 3.1 1.7 0.4V 121 56 77 14 15 15 22 10 <8S 20 16 13 5 5 8 8 5 6Cu 26.2 8.1 9.3 2.2 1.9 1.3 4.4 1.1 0.2Zn 35 40 54 22 17 19 17 10 9K/Rb 297.9 339.6 292.0 242.8 237.6 345.8 490.0 226.4 273.9* Names of samples are shortened. (e.g. 5 stands for sample WKGCH5).* Chromium alulated from Cr2O3.22



Tab. 3 REE + Y analyses from the Nám¥²´ Granulite Massif (ppm)12 19 14 6 4 7 5 10 1 9Rok amphibolite amphibolite amphibolite peridotite peridotite peridotite peridotite peridotite APM APMLa 15.9 3.8 8.6 b.d.l. <0.1 b.d.l. <0.1 b.d.l. <0.1 b.d.l. <0.1 b.d.l. <0.1 18.8 7.4Ce 45.3 14.0 22.0 0.3 0.5 0.4 0.5 0.5 55.6 16.8Pr 6.96 2.59 3.33 0.04 0.12 0.06 0.08 0.09 9.66 2.29Nd 33.6 15.0 14.3 b.d.l. <0.3 0.7 0.4 0.4 0.5 45.7 10.4Sm 7.84 4.32 4.02 0.09 0.24 0.14 0.17 0.22 11.29 2.86Eu 2.02 1.39 1.39 0.04 0.08 0.06 0.06 0.08 2.17 0.73Gd 6.97 4.75 4.39 0.18 0.39 0.22 0.23 0.34 9.24 3.05Tb 1.05 0.87 0.80 0.04 0.08 0.05 0.05 0.07 1.42 0.59Dy 5.73 5.20 4.65 0.26 0.56 0.38 0.35 0.50 7.09 3.43Ho 1.05 1.09 0.91 0.06 0.11 0.09 0.09 0.11 1.25 0.65Er 2.94 3.12 2.82 0.20 0.28 0.24 0.25 0.38 3.57 1.86Tm 0.34 0.38 0.33 0.03 0.05 0.03 0.04 0.05 0.49 0.23Yb 2.48 2.92 2.39 0.18 0.27 0.27 0.28 0.36 2.79 1.63Lu 0.35 0.41 0.35 0.03 0.06 0.04 0.05 0.06 0.40 0.23Eu/Eu* 0.84 0.94 1.01 0.96 0.80 1.05 0.93 0.89 0.65 0.76LaN/YbN 4.3 0.9 2.4 � � � � � 4.5 3.1LaN/SmN 1.3 0.6 1.3 � � � � � 1.0 1.6
ΣREE 132.5 59.8 70.3 1.5 3.4 2.4 2.6 3.3 169.5 52.218 17 3 13 15 2 8 16 11Rok APM granulite granulite granulite granulite granulite granulite granulite granuliteLa 13.1 33.5 25.9 23.0 20.5 17.2 28.0 19.2 13.2Ce 33.9 66.7 52.5 50.6 43.3 31.0 60.2 40.2 28.1Pr 5.08 8.70 6.83 6.02 5.31 3.59 7.37 4.79 3.46Nd 23.8 32.2 25.4 22.4 18.9 13.4 26.6 16.9 13.4Sm 6.21 5.76 5.96 5.13 4.66 3.45 5.32 4.40 3.39Eu 0.92 1.33 1.13 0.51 0.56 0.52 0.51 0.29 0.09Gd 6.38 4.95 6.18 5.51 5.30 4.22 4.37 5.22 3.81Tb 1.13 0.71 1.14 1.15 1.20 0.87 0.74 1.19 0.74Dy 6.64 3.72 6.74 7.23 7.44 5.77 4.16 7.92 4.89Ho 1.23 0.70 1.28 1.50 1.62 1.24 0.79 1.69 0.99Er 3.73 1.70 4.05 4.63 4.80 3.70 2.45 5.54 3.24Tm 0.46 0.23 0.48 0.61 0.63 0.53 0.34 0.72 0.45Yb 3.17 1.90 3.61 4.29 4.69 4.09 2.49 4.92 3.52Lu 0.45 0.31 0.54 0.59 0.63 0.63 0.39 0.71 0.53Eu/Eu* 0.45 0.76 0.57 0.29 0.35 0.42 0.32 0.19 0.08LaN/YbN 2.8 11.9 4.8 3.6 2.9 2.8 7.6 2.6 2.5LaN/SmN 1.3 3.7 2.7 2.8 2.8 3.1 3.3 2.7 2.4
ΣREE 106.2 162.4 141.7 133.2 119.5 90.2 143.7 113.7 79.8* Names of samples are shortened. (e.g. 5 stands for sample WKGCH5).
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Figure 4. Rb vs. K/10000 (ppm) diagram for granulite samples from the Nám¥²´ Granulite Massif. Based on potassium volume,samples are divided into two groups: grLK � samples with low potassium values and grHK � samples with high potassium ontent.Blak irles � additional analyses of the Nám¥²´ granulites (Fiala et al., 1987).distinguished: (1) granulites with higher ontents of both K and Rb (grHK) and (2) those with lower,but still proportional ontents of K and Rb (grLK). In multiationi diagram P�Q (Debon and LeFort, 1983) is apparent felsi (graniti) omposition of previously desribed grHK and granodioritiomposition of samples from grLK group (Fig. 5a). All the samples are slightly peraluminous inthe B�A diagram of Debon and Le Fort (1983) modi�ed by (Villasea et al., 1998) (Fig. 5b). Forlassi�ation of metamorphosed igneous roks the immobile elements (e.g. high �eld strength elements �HFSE) should be preferentially used. In suh lassi�ation diagram with Nb/Y vs. Zr/Ti inompatibleelement ratios (proposed by Winhester and Floyd, 1977, modi�ed by Peare, 1996), new granulitesamples fall in the rhyolite/daite �eld (Fig. 5) with two rossing the boundary of the andesite �eld.The light peraluminosity of granulite samples is also illustrated in the ternary plot Na2O�Al2O3�K2O(mol. %) (Fig. 5d).The major-elements omposition of the felsi granulite is very silii (SiO2 > 73 wt. % for 6 of8 samples, last two have SiO2 >65 wt. %) and slightly peraluminous (A/CNK = 1.06�1.19). Threesamples are K-rih (K2O/Na2O> 1.59), other samples have K2O/Na2O of 0.42�0.85 and rather variablemg# values (14�41). The Harker variation diagrams (Fig. 6) show distintive negative orrelation ofSiO2 with TiO2, Al2O3, FeOt, MgO, CaO and mg# (not plotted).24



Figure 5. Various lassi�ation diagrams for the Nám¥²´ Granulite Massif granulite. The frequeny plots of Moldanubian granulitesdatabase from Janou²ek et al. (2004) are used as bakground for omparison, the frequeny is represented by olour gradient fromred (maximum) to yellow (minimum). (a) Multiationi diagram P�Q (Debon and Le Fort, 1983), P desribes the ratio of K-feldspar to plagiolase and Q represents the quartz ontent. (ad: adamellite; dq: quartz diorite, quartz gabbro, quartz anorthosite;gd: granodiorite; go: gabbro, diorite, anorthosite; gr: granite; mz: monzonite; mzdq: quartz monzodiorite; mzgo: monzogabbro,monzodiorite; mzq: quartz monzonite; s: syenite; sq: quartz syenite; to: tonalite, trondhjemite). (b) The B�A diagram (Debon andLe Fort, 1983) with lassi�ation �elds for di�erent types of peraluminous roks (Villasea et al., 1998) (f�P: felsi peraluminous,l�P: low peraluminous, m�P: moderately peraluminous, h�P: highly peraluminous). () Classi�ation diagram Nb/Y vs. Zr/Ti(proposed by Winhester and Floyd, 1977, modi�ed by Peare, 1996). (d) Ternary plot Na2O�Al2O3�K2O (mol. %) with variousompositional �elds (Shand, 1943; Foley et al., 1987). Sample olour oding similar to Fig. 4.Trae elementsThe SiO2�Rb plot display onspiuously in�eted trend (Fig. 6). Other Harker plots show negative25



Figure 6. Binary plots of SiO2 against major-element oxides (wt. %) and seleted trae elements (ppm) for felsi granulites fromthe Nám¥²´ Granulite Massif.ovariane of Sr, Ba, Zr, La and Eu with inreasing SiO2, where espeially strontium and barium spanover a wide range.Trae-element ontents in the felsi granulite were normalized by the average upper ontinentalrust (Taylor and MLennan, 1995) and plotted in the spider diagram (Fig. 7a). Samples showtendeny of slight LREE depletion and HREE enrihment with respet to the upper rustal values.Spiderplots are very similar to those from the Moldanubian Zone granulite database (Janou²ek et al.,2004), with distinguishable throughs in Cs, U, Nb, Ta, Sr, P, Zr and Ti. Interestingly rubidium andK are above the unity line for granulites from grHK group, whereas samples from grLK are showingdepletion. Chondrite-normalized (Boynton, 1984) REE patterns (Fig. 7b) feature moderate to weakenrihment in LREE (LaN/YbN = 2.5�11.9, LaN/SmN = 1.3�3.7) and negative Eu anomalies withmagnitude positively orrelating with inreasing silia (Eu/Eu* = 0.08�0.76, Eu* = √
SmNÖGdN ).26



Figure 7. (a) Upper ontinental rust (Taylor and MLennan, 1995) normalized spider plot for the felsi granulites from theNám¥²´ Granulite Massif. (b) Chondrite (Boynton, 1984) normalized REE patterns in the felsi granulites from the NGM.Suh patterns are idential to those of other Moldanubian granulites, resembling highly frationatedgranites (Janou²ek et al., 2004).Amphibolites and amphibole�plagiolase-bearing melts (APM)The amphibolite dataset was supplemented by data on NGM amphibolite by Mat¥jovská (1967),�ihta°ová (1981) and René (2008, 2009).Major elementsAmphibolites, metamorphosed basi volani roks, should be also lassi�ed based on immobileelements (e.g. high �eld strength elements � HFSE), keeping lear from the problems with mobilityof elements with low ioni potential. The subalkaline basalti a�nity of amphibolites is learly visiblefrom diagram Nb/Y�Zr/Ti (Fig. 8a) proposed by Winhester and Floyd (1977) and modi�ed by Peare(1996), whereas amphibole�plagiolase melts (APM) tends to basalti andesite. The multiationidiagram of Jensen (1976) using less mobile elements in ternary plot Al�(FeT + Ti)�Mg (Fig. 8b)27



Figure 8. Various lassi�ation diagrams for the amphibolite enveloping the Nám¥²´ Granulite Massif and amphibolite-plagiolasemelts (APM). (a) Classi�ation diagram Nb/Y vs. Zr/Ti of Peare (1996). (b) Cationi plot Al�(FeT + Ti)�Mg after Jensen(1976). Published analyses from the amphibolite unit wrapping the NGM are shown for omparison (René, 2008; René, 2009).on�rmed high-Mg tholeiite basalt ompositions for the amphibolites. Samples of APM span arossthe diagram from the komatiiti basalt �eld to rhyolite.The three newly analysed amphibolites are rather primitive with low SiO2 (41.6�46.1 wt. %), highMgO (6.1�8.9 wt. %) and fairly high mg# (44.7�58.3). On the other hand, one APM sample WKGCH1shows extremely high MgO (11.9 wt. %) and mg# (68.1) with SiO2 similar to those of amphibolites.Other two APM samples display mg# similar to the amphibolites, but are more silia rih (58.1�59.5wt. %) and poorer in MgO (1.6�3 wt. %). The Fenner variation diagrams (Fig. 9) show lusteringof data from amphibolites for MgO with SiO2, TiO2, Al2O3, FeOt, CaO, Na2O, K2O and P2O5. Thenegative orrelation of MgO with SiO2, Al2O3, Na2O and positive ovariane with TiO2, FeOt, CaOand K2O is shown for the samples from the APM group. The distribution of P2O5 is rather uniformthroughout all samples.Trae elementsREE ontents in the garnetiferous amphibolites and amphibole�plagiolase melts (APMs) were nor-malized to the hondrite abundanes (Boynton, 1984) and plotted in Fig. 10a. The total REE on-entrations vary between 52.2 and 169.5 ppm. All samples are slightly enrihed in REE ompared topreviously reported analyses of amphibolites from this region (René, 2008, 2009). Trend of amphibo-28



Figure 9. Binary plots of MgO against major- and minor-element oxides (wt. %) for studied metabasi roks from the Nám¥²´Granulite Massif.lite sample WKGCH19 mathes very well Mid-Oean Ridge Basalt (N-MORB) pattern, only slightlydepleted in LREE (LaN/YbN = 0.9, LaN/SmN = 0.6). Other samples resemble the E-type Mid-OeanRidge Basalt (E-MORB) or Oean Island Basalt (OIB) pattern with di�erent degree of enrihment inLREE and MREE over the HREE, but samples patterns are all relatively �at (LaN/YbN = 2.4�4.5,LaN/SmN = 1�3.7). Worth noting is that the REE patterns of the amphibolites are plaed in betweenthose from the APM group, whih additionally show also a distintive negative Eu anomalies (Eu/Eu*29



Figure 10. (a) Chondrite- (Boynton, 1984) normalized REE�patterns in the amphibolite and melt samples (APM) from theNám¥²´ Granulite Massif. Several reservoirs were added to the diagram: N-MORB � N-type Mid-Oean Ridge Basalt, E-MORB �E-type Mid-Oean Ridge Basalt, OIB � Oeani Island Basalt (all from Sun and MDonough, 1989). 'Amphibolite �eld' representsall amphibolite samples from René (2008); René (2009). (b) N-MORB (Sun and MDonough, 1989) normalized spider plot for thestudied samples with added E-MORB and OIB reservoirs.= 0.45�0.76). The N-MORB�normalized (Sun and MDonough, 1989) spider plot (Fig. 10b) showsvarious enrihment in the LILE for all samples, both for amphibolites and the APM group. Spiderplotsfor all samples are more or less limited by pattern of Oean Island Basalt (OIB) on the top and E-MORB on the bottom for range of less mobile REE and HFSE (exept of depletion in Nb, Zr and Ti).Generally, the hydrous �uid mobile elements (Cs, Rb, Ba, U, K, Pb, Sr) are several times enrihed,but variations are most likely due to the high-grade metamorphism.PeridotitesTo obtain information about the degree of serpentinization (progress of serpentinization) of theperidotite we used the indiret orrelation of degree of serpentinization with the bulk magneti susep-tibility (Ou� et al., 2002; Bah et al., 2006). As shown in Chapter 3, this method in general desribeswell the degree of the Mohelno peridotite serpentinization. Obtained bulk magneti suseptibility data30



Tab. 4. Bulk suseptibility of the serpentinized peridotite [1000ÖSI℄Sample Km sample Km sample Km sample Km sample KmWK6-1 2.269 WK7-1 4.250 WK5-1 14.940 WK10-1 31.910 WK4-1 37.530WK6-2 1.141 WK7-2 3.455 WK5-2 19.550 WK10-2 34.270 WK4-2 32.370WK6-3 1.538 WK7-3 2.936 WK5-3 14.350 WK10-3 25.360 WK4-3 42.980WK6-4 2.026 WK7-4 3.870 WK5-4 11.480 WK10-4 24.170 WK4-4 36.230WK6-5 2.209 WK7-5 3.724 WK5-5 18.780 WK10-5 29.540 WK4-5 23.390WK6-6 1.36 WK7-6 3.872 WK5-6 20.790 WK10-6 34.200 WK4-6 30.570WK6-7 1.981 WK7-7 3.951 WK5-7 19.090 WK10-7 27.150 WK4-7 32.760WK6-8 1.137 WK7-8 2.619 WK5-8 12.400 WK10-8 37.900 WK4-8 30.180WK6-9 7.089 WK7-9 2.835 WK5-9 13.370 WK10-9 34.860 WK4-9 43.450WK6-10 1.048 WK7-10 3.243 WK5-10 11.450 WK10-10 20.050 WK4-10 40.820WK7-11 2.874 WK5-11 10.520 WK10-11 25.370WK7-12 2.747WK6 2.180 WK7 3.365 WK5 15.156 WK10 29.525 WK4 35.028st. dev. 1.786 st. dev. 0.559 st. dev. 3.740 st. dev. 5.544 st. dev. 6.381olour yellow orange red brown blak*Field : 300 A/m Holder : 871.2E-09
for �ve peridotite samples are summarized in the Tab. 4. The bulk magneti suseptibility extend from2Ö10-3 to 3.5Ö10-2 [SI℄ representing from medium (WKGCH6 and WKGCH7) to the highest values(WKGCH5, WKGCH10 and WKGCH4) measured in the Mohelno peridotite body (Chapter 3).The new whole-rok data for peridotite were ombined with data of Fritz (1995) and Medaris et al.(2005). The newly obtained data are subdivided based on both presene/absene of garnet and thebulk magneti suseptibility.Major elementsThe �ve newly obtained whole-rok analyses (two garnet peridotite samples �WKGCH4 andWKGCH5and three spinel peridotite samples � WKGCH6, WKGCH7 and WKGCH10) on�rm the ultrama�harater (SiO2 = 39.7�41.4 wt. %) and narrow high range for MgO (34.6�36.1) and mg# (89.3�89.9).The MgO/SiO2 vs. Al2O3/SiO2 plot (Fig. 11) with a 'terrestial array' desribes the suessive mag-mati depletion of a primitive mantle (Jagoutz et al., 1979) where highly depleted ompositions areharaterized by extremely low Al2O3/SiO2 values (Jagoutz et al., 1979; Paulik et al., 2006) Both newperidotite whole-rok analyses and omplementary data from literature follow a trend parallel to 'ter-restrial array' that is systematially set o� to lower MgO/SiO2 values. Samples also show ovarianebetween the bulk magneti suseptibility and Al2O3/SiO2 (positive) and MgO/SiO2 (negative). 31



Trae elementsThe REE ontents in the newly analysed Mohelno peridotite are not very variable (ΣREE = 1.5�3.4ppm). The spiderplots normalized to primitive mantle (MDonough and Sun, 1995) (Fig. 12a) showinlined patterns with progressive depletion from HREE (0.8�0.4 Ö primitive mantle) towards LREE(0.3�0.1 Ö primitive mantle). The only exeptions are Pb and Zr with values above those for primi-tive mantle and sattered pattern from strong to mild depletion, respetively. The whole new datasetexhibits a peuliar orrelation between trae-element abundanes and the bulk magneti suseptibilityvalue (without irregular values of Pb and Zr). Four of the �ve new samples show a slight negativeEu anomalies (Eu/Eu* = 0.80�0.96, value for sample without Eu anomaly 1.05). Similarly, the hon-drite�normalized REE spiderplot (Fig. 12b) (Boynton, 1984), shows distintively parallel trends set o�towards higher values for samples with higher bulk suseptibility (more intense serpentinization). Theless suseptibile sample WKGCH6 shows inlined pattern from LREE from 0.4 Ö hondrite ontentsto 0.9 Ö hondrite values for HREE. The most suseptibile sample WKGCH4 is shifted to slight en-rihment values for HREE and MREE, while for LREE the values are around unity line with exeption

Figure 11. Binary diagram MgO/SiO2 vs. Al2O3/SiO2 for the Nám¥²´ peridotite. New data olour oded aording the magnetisuseptibility (yellow � lowest, blak � highest, for preise values see Tab. 4) are, together with omplementary data (grey squares)previously published for the Mohelno peridotite (Fritz, 1995; Medaris et al., 2005), parallel to the 'terestrial array' (Jagoutz et al.,1979).32



Figure 12. Trae-element abundanes in the Mohelno peridotite. (a) Primitive mantle-normalized (MDonough and Sun, 1995)spider plot, (b) Chondrite-normalized (Boynton, 1984) REE patterns.The samples are olour oded aording to the magnetisuseptibility (see Fig. 11).of Ce at level of 0.6 Ö hondrite abundanes.Sensitive high-resolution ion-miroprobe (SHRIMP) U-Pb ziron insitu datingAnalytial tehniquesFor understanding the timing of the proesses in the orogeni root, in situ ziron samples fromdi�erent positions in granulite and amphibolite mirostrutures were aquired.For preise dating zirons from previously desribed granulite metamorpho-strutural fabris S1,S2 and S3 (Chapter 2) were seleted along with rare zirons from amphibolite envelope of the NGMsharing S3 fabri with granulites (WK92C and WK198, Fig. 1). Granuliti oarse-grained S1 fabrisample (WK188A,B) was sampled from granulite from the internal part of the peridotite fold (Fig. 1).Ultramyloniti granulite S2 fabri samples (WK196AB and WK177L2) were taken from well preserved33



Figure 13. (a) Overview of mounted miro-drilled ores. (b) Transmitted light mirophotography of ziron from sampleWKGCH201. () Re�eted light image of ziron from sample WKGCH201. (d) Cathodoluminesene (CL) image showing innerstruture of ziron from sample WKGCH201. (e) Same ziron with two measuring spots, eah in di�erent single age omponent.roks in the external part of the peridotite fold hinge (Fig. 1). The S3 fabri sample (WK201) wasaquired from the retrograded foliation in the limbs of peridotite fold (Fig. 1).First, zirons were identi�ed in thik (100 µm) polished thin setions using BSE imaging on sanningeletron mirosope CamSan4 at Charles University, Prague, Czeh Republi (aelerating voltage 30kV). Targeted zirons were then miro-drilled from the thin-setions under optial mirosope (Fig.13a) and mounted together with the Temora ziron standard (Blak et al., 2003). Re�eted andtransmitted light photomirographs were obtained for all zirons (Fig. 13b, ). Cathodoluminesene(CL) and Sanning Eletron Mirosope (SEM) images were prepared for all ziron grains. These CLand BSE images were used to deipher the internal strutures of the setioned grains (Fig.13d) and toensure that the 10�30 µm SHRIMP spot was ompletely within a single omposition domain (basedon athodoluminesene) within the setioned grains (Fig. 13e). The U�Th�Pb analyses were made34



using the SHRIMP II at the Researh Shool of Earth Sienes, The Australian National University,Canberra, Australia, following proedures given in Williams (1998, and referenes therein). Eahanalysis onsisted of 6 sans through the mass range, with a U�Pb referene grain analyzed for everythree unknown analyses. The data have been redued using the SQUID Exel Maro of Ludwig (2001).For the ziron analyses, the U/Pb ratios have been normalized relative to a value of 0.0668 for theTemora referene ziron, equivalent to an age of 417 Ma (see Blak et al., 2003). Unertainties in theU�Pb alibration were 0.61 % for a analytial sessions. Unertainties given for individual analyses(ratios and ages) are at the one sigma level (Table 5).ResultsCathodoluminesene (CL) and bak�sattered SEM images of the ziron grains reveal presene ofdark ziron ores and light and thin metamorphi rims in few grains from samples WK177L2 (granulite,S2 fabri, Fig. 14b) and WK201 (granulite, S3 fabri, Fig. 14). No osillatory zoning was observed instudied zirons but some grains show harateristi setor zoning patterns. The 44 high-resolution ion-miroprobe (SHRIMP) U-Pb ziron ages are shown in the Table 5 along with orresponding isotopidata.Two samples from granulite with S1 fabri (WK188A,B, Fig. 14a) show rounded ziron grainswithout any zoning pattern. These grains provided ziron ages from interval between 354.5 ± 4.1 Ma(1σ) to 334.3 ± 3.5 Ma (Tab. 5). The S2 fabri in granulite sample WK177L2 yields zirons with darkores and lear rims with maximal value 470.1 ± 4.9 Ma (one age), large luster of ages around 349 �336 Ma and one age of 306.7 ± 3.8 Ma. The seond sample of S2 fabri WK196A,B shows an intervalof ages ranging from 367 Ma to 313 Ma. One sample from S3 fabris (WK201) provides six ages withininterval between 419.9 ± 4.6 Ma and 391.6 ± 3.9 Ma (having also two out-laying ages of 343.8 ± 5.5Ma and 308.4 ± 3.5 Ma). Only three ages obtained from the �amphibolite� zirons spread from 349.2± 3.6 Ma to 324 ± 3.6 Ma.DisussionWhole-rok geohemial and geohronologial onstraints on protolithi roksThe origin of the Moldanubian felsi granulites is widely disussed topi (Fiala et al., 1987; Jake² etal., 1997; Kotková and Harley, 1999; Janou²ek et al., 2004, and referenes therein). The original dis-35



Tab. 4 Summary of SHRIMP U-Pb results for ziron grains analysed in situ in polished thin setionsTotal Radiogeni Age (Ma)Grain. U Th Th/U 206Pb* 204Pb/ f206 238U/ 207Pb/ 206Pb/ 206Pb/spot (ppm) (ppm) (ppm) 206Pb % 206Pb ± 206Pb ± 238U ± 238U ±WK188A (S1 fabri)2a.1 444 184 0.41 21.6 0.000317 0.20 17.66 0.21 0.0552 0.0009 0.0565 0.0007 354.5 4.12a.2 1038 39 0.04 47.6 0.000054 0.07 18.74 0.20 0.0537 0.0005 0.0533 0.0006 334.9 3.62a.3 1114 31 0.03 51.0 0.000051 0.15 18.76 0.20 0.0543 0.0005 0.0532 0.0006 334.3 3.511a.1 896 22 0.02 41.4 0.000116 0.08 18.59 0.20 0.0538 0.0006 0.0538 0.0006 337.6 3.69a.1 951 59 0.06 44.3 0.000028 0.14 18.44 0.20 0.0544 0.0005 0.0542 0.0006 340.0 3.69a.2 679 73 0.11 32.0 0.000019 0.04 18.21 0.20 0.0537 0.0006 0.0549 0.0006 344.5 3.86a.1 1046 24 0.02 48.6 0.000141 0.06 18.49 0.20 0.0537 0.0005 0.0540 0.0006 339.3 3.64a.1 1186 29 0.02 56.9 0.000091 <0.01 17.89 0.19 0.0527 0.0005 0.0559 0.0006 350.9 3.74a.2 1095 133 0.12 50.3 0.000048 0.03 18.70 0.20 0.0534 0.0005 0.0534 0.0006 335.7 3.610a.1 930 30 0.03 44.9 - <0.01 17.77 0.19 0.0533 0.0005 0.0563 0.0006 353.0 3.8WK188B (S1 fabri)5.1 1119 33 0.03 54.2 0.000145 0.17 17.73 0.19 0.0549 0.0005 0.0563 0.0006 353.2 3.85.2 881 21 0.02 41.4 - <0.01 18.28 0.20 0.0532 0.0006 0.0547 0.0006 343.5 3.7WK196AB (S2 fabri)8.1 864 69 0.08 42.2 0.000140 0.10 17.59 0.19 0.0544 0.0006 0.0568 0.0006 356.0 3.98.2 108 228 2.11 5.1 - 0.31 18.03 0.30 0.0559 0.0018 0.0553 0.0009 346.8 5.68.3 177 99 0.56 8.3 - 0.27 18.21 0.26 0.0555 0.0014 0.0548 0.0008 343.7 4.910.1 1100 102 0.09 51.4 0.000023 <0.01 18.38 0.21 0.0532 0.0006 0.0544 0.0006 341.7 3.810.2 127 46 0.36 5.9 0.000290 1.56 18.54 0.31 0.0657 0.0019 0.0531 0.0009 333.6 5.611.1 2337 700 0.30 106.4 0.000078 0.10 18.87 0.20 0.0539 0.0004 0.0529 0.0006 332.6 3.413.1 224 111 0.50 9.7 0.000238 0.44 19.74 0.30 0.0563 0.0023 0.0504 0.0008 317.1 4.813.2 85 60 0.70 3.8 0.001472 1.88 19.17 0.39 0.0679 0.0026 0.0512 0.0011 321.7 6.513.3 676 94 0.14 29.5 0.000151 0.23 19.71 0.24 0.0546 0.0008 0.0506 0.0006 318.4 3.81.1 234 360 1.54 10.9 0.000579 2.01 18.50 0.26 0.0693 0.0014 0.0530 0.0007 332.7 4.61.2 565 376 0.67 26.6 0.000130 <0.01 18.28 0.21 0.0523 0.0014 0.0548 0.0007 343.8 4.01.3 196 171 0.87 8.5 0.001283 1.96 19.68 0.27 0.0684 0.0034 0.0498 0.0007 313.4 4.512.1 1708 186 0.11 86.0 0.000077 <0.01 17.06 0.20 0.0534 0.0004 0.0586 0.0007 367.4 4.212.2 145 36 0.25 6.9 0.000323 0.56 18.11 0.27 0.0579 0.0015 0.0549 0.0008 344.6 5.0WK177L2 (S2 fabri)3.1 1171 263 0.22 76.2 0.000074 0.13 13.20 0.14 0.0575 0.0004 0.0756 0.0008 470.1 4.93.2 241 69 0.29 11.4 0.001359 2.83 18.13 0.24 0.0759 0.0013 0.0536 0.0007 336.5 4.44.1 797 69 0.09 38.2 0.000377 0.75 17.93 0.20 0.0595 0.0006 0.0554 0.0006 347.4 3.84.2 1591 58 0.04 67.7 0.000784 1.65 20.19 0.25 0.0657 0.0022 0.0487 0.0006 306.7 3.82.1 589 61 0.10 28.3 0.000204 0.47 17.89 0.20 0.0573 0.0007 0.0556 0.0006 349.0 3.82.2 176 53 0.30 8.3 0.000285 0.09 18.11 0.25 0.0541 0.0012 0.0552 0.0008 346.3 4.76.1 696 95 0.14 38.8 0.000122 0.22 15.42 0.17 0.0566 0.0007 0.0647 0.0007 404.1 4.5WK201 (S3 fabri)1.1 3588 125 0.03 195.6 0.000170 0.17 15.76 0.17 0.0560 0.0004 0.0634 0.0007 396.0 4.1 ore1.2 4100 1588 0.39 222.0 0.000026 0.04 15.87 0.16 0.0549 0.0002 0.0630 0.0007 393.9 3.9 rim4.1 95 63 0.67 4.5 0.002507 1.27 18.03 0.29 0.0636 0.0018 0.0548 0.0009 343.8 5.5 rim4.2 597 232 0.39 34.6 0.000000 0.12 14.84 0.16 0.0562 0.0009 0.0673 0.0008 419.9 4.6 ore9.1 6317 425 0.07 339.6 0.000031 <0.01 15.98 0.16 0.0540 0.0002 0.0626 0.0006 391.6 3.9 ore9.2 190 31 0.17 10.3 0.000407 0.36 15.89 0.21 0.0574 0.0011 0.0627 0.0008 392.0 5.1 rim5a.1 999 222 0.22 56.8 0.000141 0.31 15.11 0.31 0.0575 0.0010 0.0660 0.0014 411.9 8.3 rim5a.2 631 24 0.04 27.7 0.002388 4.17 19.55 0.22 0.0860 0.0009 0.0490 0.0006 308.4 3.5 oreWK92C (amphibolite � S3 fabri)5.1 497 172 0.35 23.5 0.000171 0.57 18.20 0.21 0.0579 0.0009 0.0546 0.0006 342.8 4.05.2 567 200 0.35 25.8 0.001334 2.77 18.86 0.21 0.0752 0.0008 0.0515 0.0006 324.0 3.6WK198 (amphibolite � S3 fabri)9.1 1256 76 0.06 60.3 0.000251 0.44 17.88 0.19 0.0570 0.0005 0.0557 0.0006 349.2 3.6Notes: 1. Unertainties given at the one s level. 2. Error in Temora referene ziron alibration was 0.61% for the analytial session.( not inluded in above errors but required when omparing data from di�erent mounts).3. f206 % denotes the perentage of 206Pb that is ommon Pb.4. Corretion for ommon Pb for the U/Pb data has been made using the measured 238U/206Pb and 207Pb/206Pb ratiosfollowing Tera and Wasserburg (1972) as outlined in Williams (1998).
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Figure 14. Cathodoluminesene (CL) images of ziron grains extrated from di�erent strutural positions showing their innerstruture and measuring spots with in�ered age at the one sigma level. (a) Ziron grains from granuliti oarse-grained S1 fabrisample (WK188A,B). (b) Ziron grains from ultramyloniti granulite S2 fabri samples (WK196AB and WK177L2). () Zirongrains from retrogressed S3 fabri samples (WK201). 37



ussion dealt the origin of the protolith (sedimentary vs. igneous, Suess, 1912; Mat¥jovská, 1967; Fialaet al., 1987) the latter is nearly onsensually aepted today. Two main 'igneous' models for origin ofthe Moldanubian felsi granulites are proposed: (a) (ultra)high-pressure melts formed and segregatedduring Varisan subdution (Jake², 1997; Kotková and Harley, 1999); (b) Early Palaezoi granites, al-most isohemially metamorphosed during Varisan ollision, whih underwent limited partial melting(Janou²ek et al., 2004; Lexa et al., 2011).Newly obtained geohemial data from the Nám¥²´ granulite show striking onordane of variouslassi�ational and petrogenetial harateristis with those of average Moldanubian felsi granulitemassifs represented by a database of more than 200 analyses (Janou²ek et al., 2004) (e.g. similar ratiosof major- and trae-elements and REE abundanes). Moreover, the ziron (Watson and Harrison, 1983)and monazite (Montel, 1993) saturation temperatures (Fig. 15) from the Nám¥²´ granulites 774 ± 38°C and 769 ± 24 °C respetively, are within the error of the average ziron saturation temperature fromthe database of the Moldanubian granulites (740 ± 48 °C; Janou²ek et al. 2004). Based on previousstudies (Kröner et al., 2000a; Friedl et al., 2003) and from new SHRIMP U-Pb ziron ages in this workit is obvious, that the Moldanubian felsi granulite ontain abundant pre-metamorphi/pre-Varisanziron relis (Fig. 16). Commonly, the older ziron ores in the Nám¥²´ granulite are overgrown byVarisan rims, implying the rystallization of ziron rims from melt under granulite�faies onditions(Roberts and Finger, 1997; Fran¥k et al., 2011; Lexa et al., 2011). This exludes the possibility ofziron inheritane as a result of shielding by restiti minerals. Therefore any partial melting during theVarisan high-grade metamorphism must have been volumetrially limited (Janou²ek et al., 2004). Theequivalent ziron and monazite saturation temperatures (~770 °C) roughly estimate the rystallizationtemperatures of the protolith (Janou²ek et al., 2004).

Figure 15. Ziron and monazite saturation temperatures for felsi Nám¥²´ Granulite Massif granulites. Left: Watson and Harrison,1983; Right: Montel, 1993. Estimations for individual samples are shown for both datasets.38



The protolith age distribution from Bohemian granulites and Dunkelsteiner Wald granulites pro-vide a dominant pre-metamorphi pattern suggesting an age of 450 Ma (Kröner et al, 2000; Friedelet al., 2004). This mean age and geohemial similarity led Janou²ek et al. (2004) to propose anorigin of these roks as Saxothuringian granites, that were subduted into asthenospheri depths dur-ing Devono-Carboniferous orogeny (Janou²ek and Holub, 2007). In addition, similar Ordoviian andLate Proterozoi protolith U�Pb ages were obtained by Taj£manová et al., (2010) from northerly Vírgranulite body. These protolith ages are not on�rmed by this study whih indiates a signi�ant agegroup around 400 Ma, whih was also obtained for a Stráºek Granulite Massif by Shulmann et al.(2005). Suh a di�erene in protolith ages for roks of idential hemistry may indiate that the similarformation proess of preursors of future granulites ourred in mid-Ordoviian and Devonian times.The peak metamorphi age of Varisan granulites of the Moldanubian Zone lusters around 340 Ma,whih is not in aord with results of this study. In partiular, samples from S1 fabri show a bimodalage distribution with two peaks: 353 Ma and the seond 339 Ma. Similar bimodal distribution of U-Pbziron ages was obtained by Taj£manová et al. (2010) and was interpreted as a result of granulite�faiesmetamorphism around 350 Ma followed by partial melting and exhumation at 340 Ma, a hypothesis,whih was already proposed by Shulmann et al. (2005) for granulites from the eastern margin of theBohemian Massif.Deduing the primary palaeotetoni ontext for an old volani suite exposed to high-grade meta-morphi onditions and subjeted to deformation proesses sets an intriguing riddle. Useful informationan be provided by relatively immobile trae elements (espeially HFSE and REE), even for roks withstrong metamorphi overprint (Winhester and Floyd, 1977; Wood, 1980; Peare, 1996). In the Th� Zr/117 � Nb/16 lassi�ation diagram of Wood (1980) (Fig. 17) the newly studied amphibolitesplot within the �eld of E-MORB/Within-plate Tholeiite (WPT). This protolith estimation is in a-ord with onlusion from both hondrite- and N-MORB-normalized spiderplots, where amphibolitesdisplay omposition on�ned between those of E-MORB and OIB reservoirs. Possible origin of volu-metrially rare APM ould be seen in limited melt extration from partially molten amphibolite (e.g.beause of the melt extration in LREE depleted sample WKGCH19).The Carboniferous U-Pb ages presented in this study orrespond ertainly to metamorphi age ofthese roks. The existing isotopi ages from the metabasites of the eastern margin of the BohemianMassif are Early Palaeozoi (~520�500 Ma from the Staré M¥sto belt gabbros and amphibolites; Kröneret al. 2000b; �típská et al., 2001; ~530 Ma from gabbros of Letovie ophiolite omplex; Soejono et al.,39



Figure 17. Histogram of frequenies for the 206Pb/238U SHRIMP ziron ages from (a) the Nám¥²´ Granulite Massif granulites(3 ages from rare ziron in amphibolites), with inset zoomed to age span 360�330 Ma. (b) Ages from other Moldanubian granulites(Prahatie and Blanský les � Kröner et al., 2000a; Dunkelsteiner Wald � Friedl et al., 2004).

Figure 17. Geotetoni disrimination diagram Th � Zr/117 � Nb/16 of Wood (1980) for the metabasites from the Nám¥²´Granulite Massif. CAB � Cal-alkaline Basalts, IAT � Island-ar Tholeiites, WPA � Alkaline Within-plate Basalts, E-MORB �E-type Mid-Oean Ridge Basalts, WPT � Within-plate Tholeiites.40



2010; ~440 Ma from felsi dyke ross-utting the Rehberg amphibolite; Finger and Von Quadt, 1995).Beause the hemistry of these roks and their strutural position are more or less similar (Hök etal., 1997) it is very likely that the studied roks are also of Lower Paleozoi, most probably of LateCambrian to Early Ordoviian age.New peridotite whole-rok analyses from the Mohleno peridotite enhaned with bulk magnetisuseptibility data demonstrate suprising ovariane between the bulk magneti suseptibility andwhole-rok geohemial features (e.g. ratio of Al2O3/SiO2, position of hondrite- or primitive mantle-normalized spiderplot patterns, Fig. 12). The bulk magneti suseptibility is used as proxy for degreeof serpentinization estimations (Ou� et al., 2002; Bah et al., 2006) due to progressive rystallization ofmagnetite with advaning serpentinization. Modi�ation of the REE ontents by melt indued refer-tilization is widely reported from refratory peridotites worldwide (Bodinier and Godard, 2007 andreferenes therein).Therefore an attempt to reonstrut the primary peridotite modal omposition before serpentiniza-tion is onduted. Newly obtained peridotite whole-rok analyses are geohemialy modelled (Fig. 18)using a database of mineral ompositions from the Mohelno peridotite (Medaris et al., 2005; Kameiet al., 2010). We hoosed an individual mineral ompositions randomly from the database to om-pile desired mineral assemblage for eah modelling run. Modelled modal ompositions show strikingovariane with the bulk magneti suseptibility and therefore with REE abundanies. The sampleWKGCH6 haraterized by minimal bulk magneti suseptibility and ΣREE has the highest modalvolume of olivine and minimal of orthopyroxene, linopyroxene and spinel from the group of spinelperidotite samples. Deomposition of garnet by spinel � garnet equilibrium reation: orthopyroxene+ linopyroxene + spinel � forsterite + garnet (Webb and Wood, 1986) will shift the values for gar-net peridotite modal ompositions towards the ompositional trends de�ned by the spinel peridotitesamples. It is likely, that the Mohelno peridotite is an example of variably refertilized harzburgitewith primary mineral assemblage olivine + orthopyroxene + linopyroxene + spinel and therefore itsupports formerly proposed idea of spinel peridotite isohemial modi�ation due to outer onditions(pressure: Chapter 2, temperature: Medaris et al. 2005; Kamei et al. 2010).This geohemial study suggests that the Mohelno peridotite represents a harzburgite refertilized bybasalti melt (Fig. 19). Based on this geohemial signature the Mohelno peridotite was previouslyinterpreted as a mantle fragment with asthenospheri a�liation by Medaris at al. (1990, 2005). Theproess of mantle refertilization is typial for slow spreading ridges environment (Dijkstra et al., 2001,41



2003). Therefore, we suggest that similar tetoni setting an be also adopted for the origin of Mohelnoperidotite. Critial is the age of formation of studied peridotites, whih an be onstrained by existingLate Devonian Sm-Nd 371 Ma ages (Beard et al., 1992; Medaris et al., 1995; Beker, 1997). Eventhough Sm-Nd age an be onsidered as a ooling age, it is most likely related to upwelling of themantle under the rift (Medaris et al., 2006) and therefore the transport of studied peridotite intoregion of mantle and rust boundary took plae probably in Late Devonian.Geodynami impliationsThe main question of this study is as whether the three studied rok types ould have originate duringa single geodynami event i.e. as whether they represent a pre-ollisional lithotetoni struture of theMoldanubian Zone. Based on our data, we an onlude, that the Mohelno peridotite orresponds to

Figure 18. Modal ompositions of the studied Mohelno peridotite reonstruted from published mineral analyses (Medaris et al.,2005; Kamei et al., 2010) and our whole-rok geohemial dataset. Calulated omposition (from 1000 random subompositions) isvisualised with set of boxplots for eah peridotite sample. For garnet peridotite samplesWKGCH5 (label 5(G)) and WKGCH4 (label4(G)) an mineral assemblage olivine + orthopyroxene + linopyroxene + spinel + garnet is onsidered. For spinel peridotite samplesWKGCH6 (label 6(S)), WKGCH7 (label 7(S)) and WKGCH10 (label 10(S)) same garnet-free mineral assemblage is assumed. (a)-(e) Modal % of olivine, orthopyroxene, linopyroxene, spinel and garnet in alulated omposition. (f) Binary diagram of bulkmagneti suseptibility (Km) vs. Ti/(FeOT+Ti). Colour oding of samples aording to the magneti suseptibility (see Fig. 11).42



depleted mantle with asthenospheri a�liation refertilized probably in a slow ridge environment in LateDevonian. The metabasi belt orresponds to E-MORB or to Within-plate Tholeiite, whih originatedmost likely during Late Cambrian to Early Ordoviian rifting event (based on orrelation with nearbymetabasite bodies in idential strutural position). The dating of granulite and its geohemistrysuggests high pressure reworking of preursors with Early Devonian age. These data learly preludegenetially related origin of studied roks and therefore a tentative geodynami model an be proposed.The most important are di�erent protolith ages for felsi granulites and metabasites. The granulitesrepresent a ontinental rust, while the metabasites re�ets a rifting environment. Most importantly,the age of rifting is more or less in agreement with age of sedimentation of overlying sediments ofMonotonous and Varied groups suggesting ommon passive margin/rifting history (Jastrz�ebski, 2009;Ko²ler et al., 2011). Therefore, we interpret the metabasi layer as genetially related to overlyingsedimentary sequenes and orresponding to one geotetoni unit related to passive margin/riftingepisode of Cambro-Ordoviian age. In ontrast, the felsi granulites protolith is signi�antly youngerand not related to this rifting event, preluding ommon origin with adjaent metabasites. Therefore,it is suggested, that these roks originated in geographially distant environment.The last problem is related to the origin of Mohelno peridotite and its genetial link to metabasitesand granulites. These roks represent mantle roks of asthenospheri origin that was refertilized duringrifting period at Late Devonian. It is evident, that the mantle roks did not originate together with

Figure 19. IUGS lassi�ation diagram for the Mohelno peridotite from the Nám¥²´ Granulite Massif. Di�erent results obtainedfrom using CIPW norm or reonstruted modal omposition are shown. Colour oding of samples aording to the magnetisuseptibility (see Fig. 11). 43



felsi granulites and were inorporated together during Varisan onvergene as suggested by Medariset al. (2006). The metabasite layer re�ets basalti magmatism related to rifting period, but theCambro-Ordoviian age learly rule out ommon origin during Devonian rifting indiated by Mohelnoperidotite.The petrologial data aquired by author of this thesis show that the pressure and temperature rangefor peak onditions of Náme²´ granulites is the same as that of surrounding granulite massifs. Therefore,the pressure of ~1.8 GPa at temperature 800 °C an be onsidered as a value typial for orogeni lowerrust at the eastern margin of the Bohemian Massif. Based on mineral assemblage of metabasite beltit is evident, that these roks never ahieved pressures of assoiated granulites. This indiates that thegranulites represented the struturally deepest rok during Varisan onvergene as proposed alreadyby Lexa et al. (2011). Based on geohemial results and petrologial arguments above, the tetonirelamination model seems to be the most suitable one explaining lose juxtaposition of these ontrastingroks. We propose here, that the Devonian granitoids together with mostly Ordoviian material (lowerrustal allohthon) were thrust underneath the Moldanubian rust haraterized by Cambro-Ordoviianmetabasi (metabasalts, metagabbros) lower rust situated underneath Late Proterozoi basementrelis and Cambro-Ordoviian sediments. The Devonian protolith age of the Náme²´ and Stráºekgranulites only indiate a heterogenity of rustal roks forming the lower rustal allohthon omparedto mid-Ordoviian protolith ages of other Moldanubian granulites.In addition, the systematially older metamorphi ages of granulites (~353 Ma) from the easternmargin of the Bohemian Massif ompared to their westerly ounterparts (~340 Ma) indiate a time saleof underthrusting. We speulate, that the granuliti massifs were relaminated to the overlying rustabout 13 My earlier ompared to the western part. The geohemial omposition of sub-rustal mantlelithosphere was highly heterogeneous in the area of Varisan orogeni root as doumented by varioustypes of peridotite fragments enlosed in granulites and assoiated roks (Medaris et. al., 2005). Whilethe garnet lherzolites are interpreted as mantle wedge material, the spinel-garnet harzburgites re�etrifting environment (Medaris et al., 2006). Therefore we suggest, that the relaminated felsi rustsampled subontinental mantle of various origins and remote geographi plaes during onvergene asproposed by Mahek et al. (2009) and Chapter 2. However, it is evident from above, that there isno genetial link between mantle roks and felsi granulites and therefore the area of inorporation ofmantle sheets into rust is and will remain unknown.
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Supplementary materialChemial ompositions of the main mineral onstituents of the Mohelno peridotite body.Tab. Appendix 1. Seleted analyses from Mohelno peridotite (wt %) (Kamei et al., 2010)Mineral desription SiO2 TiO2 Al2O3 Cr2O3 FeOt MnO MgO CaO Na2O NiO SumOl1 CS 41.19 0 0 0 9.87 0.12 48.31 0 0 0.47 99.96Ol2 FS 41.34 0 0 0 9.16 0.14 50.07 0 0 0.45 100.71Ol3 CG 40.51 0 0 0 9.5 0.15 48.16 0 0 0.48 98.32Ol4 CG(inlusion) 40.92 0 0 0 8.97 0.12 48.53 0 0 0.46 98.54Ol5 FG 41.12 0 0 0 8.97 0.12 49.9 0 0 0.41 100.11Opx1 CS p ore 53.67 0.15 5.78 0.58 6.19 0.19 30.97 1.14 0 0 98.67Opx2 CS p rim 54.18 0.09 3.95 0.33 6.84 0.2 31.7 0.32 0 0 97.61Opx3 CS matrix neoblast 55.6 0.12 3.34 0.31 6.91 0.15 32.67 0.47 0 0 99.57Opx4 FS p ore 54.09 0.15 5.78 0.57 5.89 0.14 31.57 1.11 0 0 99.3Opx5 FS p rim 54.04 0.17 4.65 0.4 6.3 0.15 32.7 0.65 0 0 99.06Opx6 FS matrix neoblast 55.21 0.11 3.28 0.29 6.61 0.2 33.64 0.46 0 0 99.8Opx7 CG p ore 53.64 0.13 5.26 0.47 6.3 0.13 31.77 1.13 0 0 98.83Opx8 CG p rim 55.63 0.17 4.46 0.41 6.74 0.19 32.42 0.54 0 0 100.56Opx9 CG in ore 54.45 0.13 4.57 0.49 6.09 0.14 31.82 0.97 0 0 98.66Opx10 CG in rim 54.25 0.13 5.94 0.65 5.3 0.12 32.24 0.7 0 0 99.33Opxl1 CG matrix neoblast 55.4 0.13 3.29 0.32 6.63 0.13 32.72 0.45 0 0 99.07Opxl2 CG AGG 54.25 0.11 4.98 0.28 6.81 0.15 31.91 0.49 0 0 98.98Opxl3 FG p ore 54.57 0.16 4.91 0.57 5.91 0.12 32.76 0.66 0 0 99.66Opxl4 FG p rim 55.59 0.14 3.99 0.34 5.99 0.13 33.9 0.53 0 0 100.61Opxl5 FG in ore 53.29 0.21 5.82 0.71 6.05 0.11 31.52 1.01 0 0 98.72Opx16 FG in rim 53.22 0.22 6.7 0.85 5.22 0.09 32.12 0.71 0 0 99.13Opx17 FG matrix neoblast 54.79 0.16 3.08 0.27 6.42 0.14 33.56 0.55 0 0 98.97Opx18 FG AGG 54.56 0.25 4.41 0.25 6.04 0.21 32.9 0.59 0 0 99.21Opx19 FG kely inner 53.83 0.18 5.55 0.34 6.17 0.14 32.56 0.54 0 0 99.31Opx20 FG kely outer 52.54 0.14 6.96 0.5 6.77 0.15 32.62 0.42 0 0 100.1
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Tab. Appendix 1. Seleted analyses from Mohelno peridotite (wt %) (Kamei et al., 2010)Mineral desription SiO2 TiO2 Al2O3 Cr2O3 FeOt MnO MgO CaO Na2O NiO SumCpx1 CS p ore 51.95 0.34 6.3 0.8 2.68 0.1 15.3 20.84 1.24 0 99.55Cpx2 CS p rim 52.66 0.29 4.75 0.58 2.54 0.12 15.46 21.84 1.01 0 99.25Cpx3 CS matrix neoblast 52.02 0.33 5.42 0.63 2.77 0.12 16.14 21.36 1.16 0 99.95Cpx4 FS p ore 52.29 0.39 6.83 0.87 2.82 0.08 15.33 19.49 1.76 0 99.86Cpx5 FS p rim 53.17 0.27 5.41 0.64 2.13 0.05 14.95 21.72 1.44 0 99.78Cpx6 FS matrix neoblast 52.71 0.43 5.72 0.85 2.31 0.06 15.18 21.44 1.5 0 100.2Cpx7 CG p ore 50.74 0.5 6.62 1.12 3.16 0.05 15.58 18.71 1.55 0 98.03Cpx8 CG p rim 51.87 0.54 6.08 0.88 2.3 0.08 16.11 21.16 1.26 0 100.28Cpx9 CG in ore 52.56 0.52 6.66 1.06 2.4 0.1 14.01 21.47 1.7 0 100.48Cpx10 CG in rim 52.66 0.59 7.07 1.08 2.17 0.05 14.53 20.68 1.72 0 100.55Cpxl1 CG matrix neoblast 52.99 0.41 5.46 0.7 2.09 0 15.49 21.43 1.33 0 99.9Cpxl2 CG AGG 52.13 0.5 6.98 0.54 2.48 0.08 14.6 21.13 1.43 0 99.87Cpxl3 FG p ore 51.57 0.66 7.24 0.87 2.75 0.11 15.11 18.98 1.71 0 99Cpxl4 FG p rim 51.73 0.56 6.42 0.69 2.83 0.09 15.1 19.34 1.72 0 98.48Cpxl5 FG in ore 50.9 0.68 7.53 1.16 2.93 0.09 14.3 18.98 1.89 0 98.46Cpx16 FG in rim 50.79 0.79 8.43 1.19 2.6 0.08 14.42 18.51 1.97 0 98.78Cpx17 FG matrix neoblast 52.13 0.49 6.32 0.82 2.95 0.08 15.59 19.4 1.71 0 99.49Cpx18 FG AGG 52 0.61 7.11 0.43 2.73 0.15 14.89 19.66 1.78 0 99.36Cpx19 FG kely outer 51.77 0.66 8.27 0.49 2.1 0.1 13.53 20.02 2.24 0 99.18Grt1 CG ore 42.63 0.19 22.57 1.69 7.38 0.29 20.52 5.16 0 0 100.43Grtx2 CG rim-opx 42.25 0.14 22.29 1.56 9.04 0.43 19.59 5.25 0 0 100.55Grt3 CG rim-kely 42.78 0.15 22.46 1.4 10.45 0.63 18.82 5.02 0 0 101.71Grt4 FG ore 42.32 0.23 22.45 1.61 6.93 0.34 20.94 4.84 0 0 99.66Gr5 FG rim-opx 42.15 0.16 22.79 1.33 7.44 0.32 20.41 5 0 0 99.6Grt6 FG rim-kely 42 0.24 22.13 1.55 10.3 0.72 18.41 4.99 0 0 100.34Sp1 CS matrix 0 0.12 54.92 11.69 12.92 0.12 19.55 0 0 0.45 99.77Sp2 FS matrix 0 0.1 55.29 12.65 12.28 0.18 19.29 0 0 0.33 100.12Sp3 CG inl 0 0.01 51.67 18.43 9.76 0.22 19.57 0 0 0.29 99.95Sp4 CG matrix 0 0.05 56.99 9.93 11.47 0.11 19.62 0 0 0.42 98.59Sp5 CG AGG 0 0.04 60.61 6.23 10.25 0.16 20.91 0 0 0.45 98.65Sp6 FG matrix 0 0.08 54.49 12.83 10.96 0.11 19.55 0 0 0.37 98.39Sp7 FG AGG 0 0.13 57.48 9.6 10.85 0.1 19.69 0 0 0.39 98.24Sp8 FG kely 0 0.09 63.4 4.89 9.06 0.08 21.28 0 0 0.4 99.2

54



Tab. Appendix 2 Seleted analyses from Mohelno peridotite (wt %) (Medaris et al., 2005)Mineral SiO2 TiO2 Al2O3 Cr2O3 FeOT MnO MgO CaO Na2O NiO SumOl1 40.7 0 0 0 9.94 0.12 49.6 0 0 0.41 100.77Ol2 40.8 0 0 0 10.1 0.14 48.5 0 0 0.38 99.92Ol3 41.2 0 0 0 9.73 0.13 48.9 0 0 0.42 100.38Ol4 40.6 0 0 0 9.85 0.26 48.8 0 0 0.45 99.96Opx1 54.4 0 4.32 0.48 6.62 0.14 33.7 0.6 0.02 0 100.28Opx2 54.1 0.13 4.56 0.38 6.88 0.14 32.9 0.65 0 0 99.74Opx3 54.9 0 4.04 0.54 6.18 0.11 33.1 1.02 0.13 0 100.02Opx4 53.8 0 5.63 0.59 6.58 0.07 33 0.59 0 0 100.26Cpx1 52.6 0.62 6.53 0.93 3.47 0.11 15.8 17.2 1.74 0 99.00Cpx2 52.9 0.52 6.88 0.71 3.53 0.11 15.6 17.5 1.71 0 99.46Cpx3 52.8 0 6.04 1.14 2.44 0.08 14.9 20.2 2.19 0 99.79Cpx4 51.8 0 6.56 0.96 2.64 0.02 15.4 20.7 1.2 0 99.28Grt1 41.1 0 22.1 1.68 7.51 0.28 21.9 4.77 0 0 99.34Grt2 41.4 0 22.5 1.27 7.69 0.28 21.8 4.68 0 0 99.62Grt3 42 0 22.3 1.52 7.84 0.34 21.3 4.7 0 0 100.00Sp 0 0.07 51.7 13.7 13.6 0.04 18.3 0 0 0.29 97.70Sample desriptionsWKGCH1(N 49°6'12.68� E 16°11'11.71�, WK86, right bank of the Jihlava river, against the meadow above the Mohelenský mill)Sample WKGCH1 represents dark enigmati rok from outrop lose to the ontat between peridotite and surroundinggranulite. Large plagiolase porphyrolasts (1-3 m) are formed by �ne plagiolase grains, sometimes preserving oreand mantle mirostruture. These plagiolase porphyrolasts are within the �ne-grained amphibolite and biotite matrix.Porphyrolasts form weak magmati/deformational fabri parallel to the fabri in the neighbour granulite. Also matrixminerals (amphibolite and biotite) show signs of grain size redution via dynami rerystallization.WKGCH2(N 49°5'55.5� E 16°11'38.16�, WK199, right bank of the Jihlava river, 30m upstream from bridge over river on theMohelno-Dukovany road 392)Felsi granulite with �ne-grained (<0.2 mm) myloniti quartz � K-feldspar - plagiolase matrix, small porphyrolastsof garnet (<1 mm) without inlusions and biotite. Evenly distributed biotite �akes are assoiated with large quartz disgrains (length up to 2 mm) and together are forming well de�ned foliation. In disrimination aording Kusbah et al.(2011) this mirostruture orresponds to S2-S3 transition.WKGCH3(N 49°6'2.33� E 16°11'39.46�, next to the Mohelno-Dukovany road 392, lose to the ar aident tombstone)The retrogressed granulite at this loality is dark and very massive without strong oriented fabri, sometimes alternat-ing with lighter layer rih in plagiolase. The basis of the mirostruture is intermixed �ne-grained myloniti intermixed55



quartzo � feldspathi matrix (<0.2 mm). often the �ne-grained mirostruture is annealed to mirostruture with reg-ular triple points and large lobate neoblasts of quartz and plagiolase (> 1 mm). Large garnet rystals (~ 1 mm) withirregular shapes rih in inlusion of quartz and plagiolase are distributed evenly in the rok. Large biotite rystals ourin lose viinity of garnet and small rystals are widely distributed along matrix minerals' triple point throughout wholerok.WKGCH4(N 49°5'57.09� E 16°11'46.98�, WK25, outrop with abin 08, left bank of the Jihlava river, downstream 50m from thebridge on the Mohelno-Dukovany road 392)Sample is harateristi example of the Mohelno garnet peridotite. Peridotite is highly serpentinized, with mylonitiolivine � orthopyroxene matrix (�ne-grained < 100 µm) with rare presene of linopyroxene. Small orthopyroxeneporphyrolast (~ 1 mm) and large garnet porphyrolasts ( > 5 mm) with spinel inlusions are aligned within mylonitifabri. Marosopi banded appearane of the rok is aused by distribution of serpentine minerals with di�erentproportions of opaque minerals and submirosopi pigment of iron oxides dispersed in serpentine minerals. Tal andhlorite are present as aessories.WKGCH5(N 49°5'36.54� E 16°11'58.79�, WK142, in the gorge with weak stream, next to the Mohelno-Dukovany road 392)Blak massive garnet peridotite from this loality has strong ultra-myloniti fabri with serpentinized olivine � orthopy-roxene matrix. Large garnet porphyrolast (>1 m) with olivine and pyroxene inlusions surrounded by oarse-grainedmirostruture are rarely preserved. Visible shaded banding is aused by di�erent olouring of the serpentine minerals(due to pigment of iron oxides) and thin bands of rerystallized orthopyroxene porphyrolasts.WKGCH6(N 49°6'21.81� E 16°11'13.26�, WK3, large outrop on the left bank of the Jihlava river next to river weir for theMohelenský mill)Sample WKGCH6 is highly serpentinized greenish spinel peridotite. Spinel porphyrolast (>1 mm) and orthopyroxeneporphyrolasts (~ 2 mm) are aligned in �ne-grained myloniti olivine � orthopyroxene matrix with rare linopyroxene.At this loality orthopyroxene bands wide several entimeters are very ommon and sample was prepared to avoid them.WKGCH7(N 49°6'19.41� E 16°11'20.64�, WK56, in the road utting towards Mohelno, in the serpentine above Mohelenský mill)Similar harateristis as other samples of spinel peridotite. Massive greenish serpentinized spinel peridotite withabundant large orthopyroxene porphyrolasts (~ 3mm). Spinel is homogenously distributed in the myloniti matrix.Systems of polygonal fratures are perpendiularly utting orthopyroxene bands and are �lled with serpentine minerals.WKGCH8(N 49°5'56.71� E 16°12'14.43�, WK7, sample from the vertial fold in the outrop in the slope above the ampsite)Granulite from the sampling site WKGH8 is harateristi for the retrogression from the S2 to the S3 fabri. Lightfelsi granulite is assoiated with darker bands rih in biotite. Garnet porphyrolast with ommon rystallographiallyoriented rutile rods and also quartz and feldspars inlusions are surrounded with the �ne grained quartzo-feldspathigroundmass. Biotite is growing around garnet on its expense and also small biotite �akes are evenly distributed alongthe foliation de�ned mostly by alignment of the elongated quartz grains.56



WKGCH9(N 49°5'54.6� E 16°10'38.57�, WK126, under the small waterfall, on rossing of stream and red tourist mark)Non-deformed massive light igneous rok omposed of feldspar, quartz, amphibole, biotite and musovite and withabundant aessory opaque minerals. Rok is without obvious magmati or deformational fabri, with grain boundariesforming regular triple points and with grain size from 0.5 mm up to 3 mm for all major minerals.WKGCH10(N 49°5'58.87� E 16°10'39.46�, WK127, at the bottom of the gorge, lose to stream entry in the dam)Next sample of spinel peridotite is slightly banded due to the oloured serpentine minerals. Fine-grained olivine-orthopyroxene groundmass is intensively serpentinized with abundant ourrene of the opaque minerals. Large orthopy-roxene porphyrolasts with olivine inlusions and randomly oriented fratures annealed with serpentine are preserved.WKGCH11(N 49°6'6.61� E 16°10'51.85�, WK171, outrop next to the southern end of the Mohelno barrage, disused small quarry)Ultimate example of the so-alled �weisstein�. Granulite omposed almost exlusively from the quartz and feldspars,with minimum of garnet and biotite. Needles of biotit are not preferentially oriented, weak alignment an be observedfor small garnet remnants. Grain boundaries are lobate both for quartz and feldspars. Felsi matrix is �ne-grained withoasionally larger elongated quartz grains. Euhedral rystals of aessory opaque mineral (magnetite?) are ommon.WKGCH12(N 49°5'50.34� E 16°9'10.48�, WK12, large outrop Rab²tejn above the nulear power plant water supply station)Sample of oarse-grained amphibolite with garnets up to several entimetres in diameter. For the geohemial samplingwas hosen more homogenous part of the outrop. Large garnet porphyrolasts with amphibole and quartz inlusionsare rerystallized into amphibole-feldspar sympletite with abundant aessory opaque minerals. Both feldspars andamphibolite from the �ne-grained strutures around garnet are segregating into monominerali bands parallel withgarnet strutures elongation.WKGCH13(N 49°6'0.21� E 16°10'41.08�, WK106, at the bottom of the gorge, between road and dam bank)Felsi granulite with typial layering of several millimetres thin dark bands rih in biotite with layers omposed pre-dominantly from quartz and feldspars. Garnet porphyrolasts with quartz and feldspar inlusions are evenly distributedthroughout the rok. Both quartz and feldspars are forming intermixed myloniti matrix, while only quartz forms longrerystallized dis-shaped porphyrolast aligned into foliation. Kyanite is replaed by sillimanite in the foliation de�nedby quartz diss and biotite.WKGCH14(N 49°7'21.82� E 16°7'17.13�, outrop in the road utting on the southern side of the Dale²ie barrage)The amphibolite at this loality has (ultra)myloniti mirostruture and is assoiated with the eastern margin ofthe Nám¥²´ Granulite Massif. All minerals (amphibole, feldspar, garnet, pyroxene and quartz, together with abundantopaque mineral are intermixed in myloniti matrix. Oasionally small garnet porphyrolasts (> 1 mm) an be found.Appearane of the rok is massive with well de�ned foliation, but the separation of feldspar to monominerali bands israre and only on small sale (thikness of feldspar bands < 1 mm).WKGCH15 57



(N 49°6'9.18� E 16°9'29.39�, WK179, outrop in the forest road utting on the left dam left bank) Light felsi granulitesample with typial thin dark bands rih in biotite with almost migmatiti appearane as hand size speimen. Peakgranulite mineral assemblage quartz + ternaty feldspar + garnet and kyanite is slightly retrogressed. Garnet porphy-rolasts with large inlusion of quartz and feldspar in quartzo-feldspathi matrix are onsumed by biotite. Foliationis de�ned by elongation of garnet porphyrolast, alignment of kyanite needles and biotite �akes growing along parallelgrain boundaries.WKGCH16(N 49°6'3.27� E 16°9'46.49�, WK177, outrop on the left dam bank, small li� in the middle of the slope)Extra ultramyloniti felsi granulite with intermixed quartz and feldspars matrix with average grain size ~ 50 mirom-eters in diameter. Garnet porphyrolasts ( ~ 0.5 mm) with quartz and feldspar inlusions are slightly retrogressed intobiotite rims. Foliation fabri is marked by biotite �akes evenly distributed in the matrix and also oriented non-retrogressedkyanite grains.WKGCH17(N 49°6'10.91� E 16°9'13.87�, WK101, outrop on the left dam bank, large li� in the slope)Darker variety of the felsi granulite with granulite faie mineral assemblage quartz + feldspars + garnet + kyanite +biotite. Intensive foliation fabri is aused primarily by alignment of the garnet porphyrolast, whih are retrogressivelyonsumed by biotite. Often garnet forms atolli strutures with enlosed grains of quartz and plagiolase. Quartzo-feldspathi myloniti groundmass is annealing into larger elongated rystals, from whih lobate quartz grains are formingmonominerali elongated aggregates.WKGCH18(N 49°6'11.66� E 16°9'13.87�, WK195, outrop on the right side of the Jihlava river, opposite to the Mohelenský mill,lose to the WKGCH1)Strangely looking migmatiti rok with �magmati� mirostruture. Rok displays only weak foliated fabri mainlybeause of abundant biotite and amphibolite. Quartz and plagiolase have regular grains with ommon triple points inwhih biotite, amphibolite or opaque mineral rystallize.WKGCH19(N 49°5'41.75� E 16°9'16.16�, WK11, outrop on the right side of the dam, lose to the forest road with the greentourist mark)Coarse-grained amphibolite with large garnet porphyrolasts (> 1m) surrounded with �ne-grained rims of plagiolaseand opaque minerals. Garnet is rih in inlusions of linopyroxene, rutile and quartz. Foliated fabri is aused mainlyby felsi minerals, whih starts forming monominerali bands, yet not ideally parallel with foliation plane.
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AbstratFabri patterns of strongly serpentinized peridotite have been determined using eigenvetor analysisand eigenvalue lassi�ation of lattie preferred orientation of olivine and orthopyroxene. This approahhas been applied to a rootless fold-shaped body of mylonitized spinel to garnet peridotite surroundedby �ne-grained and partially retrogressed Ky - Kfs felsi granulite. The EBSD data show eitheraxial [010℄ or [100℄(0kl) pattern, both harateristi for `dry' slip systems. The former pattern ourspredominantly along the inner margin and southern limb while the latter is mainly developed in thehinge of the fold shaped body. Foliations and lineations deiphered from the LPO data suggest that the[100℄(0kl) pattern re�ets onstritional deformation (prolate strain ellipsoid) in the hinge of peridotitefold while the axial [010℄ pattern re�ets pure �attening (oblate strain ellipsoid) inherited from periodof emplaement of the peridotite sheet in the rust. Similarity in �nite strain pattern of peridotite andsurrounding granulites indiates their ommon thermal and mehanial evolution during folding. Thepetrology and strutural data result in a model of burial of peridotite below thikened rustal root,its exhumation and folding. The burial stage is assoiated with prograde metamorphism resultingin oarse-grained mirostruture and development of spinel and garnet zones. The emplaement ofperidotite into lower rustal granulites ourred along a shear zone assoiated with grain size redutionin both lithologies and rapid ooling of mylonitized peridotite to the ambient temperatures of lowerrust. Further exhumation to mid-rustal levels ourred within the vertial granulite hannel. Finalfold shape of peridotite developed during subsequent indentation of weak vertially anisotropi rustby adjaent ontinental promontory. The degree of mehanial oupling between folded peridotiteand granulite in mid-rustal levels is estimated using omparison of studied mirostrutures withexperimental data.
Researh Highlights> Strutural and mirostrutural study of granulite and embedded peridotite. > Eigenvetor analysisand eigenvalue lassi�ation of lattie preferred orientation. > Coupled deformation between granuliteand peridotite. > Peridotite embedded within the felsi lower rust is visously deformable.60



KeywordsOlivine lattie preferred orientation, peridotite mylonite, strain, rust-mantle oupling, Varisan orogenIntrodutionContinental lithosphere onsists of di�erent layers of ontrasting rheology: brittle upper ontinentalrust, weak and dutile lower ontinental rust and stronger sub-rustal mantle, with rheology evolvingwith temperature, pressure, depth and omposition (Brae and Kohlstedt, 1980; Ranalli and Murphy,1987). Rheologial models of the lithosphere are based on experimental rheologial laws desribingbrittle and dutile behavior of roks. Relative strength of the di�erent layers is evolving through timedue to hanges in tetoni style and thermal evolution of the lithosphere (Thompson et al., 2001).Lithosphere rheology models an be validated using depth of earthquakes hypoentres, whih shouldbe in aordane with the thermal struture of the lithosphere and assumed the thikness and depthposition of lithologial layers. Earthquakes hypoentres loated in the upper rust and in the uppermostpart of lithospheri mantle indiate that these layers an be relatively strong and brittle (Molnar andChen, 1983; Liang et al., 2008). Nevertheless, earthquakes loated in the uppermost mantle, whereByerlee's law annot be extrapolated, are rare and their soure mehanism is still debated (Monsalveet al., 2009). These observations are ommonly interpreted using a �jelly sandwih� model in whih aweak lower rust is sandwihed between strong elasti-brittle upper rust and an elasti-dutile uppermantle (Burov and Watts, 2006). Other seismologial studies show an absene of earthquakes in theupper mantle underneath thik orogens, whih is interpreted using so alled �rème brûlée� model madeof strong seismogeni rust and a weak and �wet� upper mantle (Jakson, 2002). Aseismi behavior ofupper mantle is also supported by presene of dutile shear zones reorded in spinel peridotite massifsand xenolites (Drury et al., 1991; Tommasi et al., 2000) deformed at depth greater than 30�40 km(Dijkstra et al., 2004).Deformation of the lithosphere and mehanial oupling of rust and mantle are not only dependenton rheology but also on the kinemati regime. For onvergent plate boundaries there are two gen-eral models of mehanial behavior of the rust and the mantle based on strutural observations andmantle anisotropy geophysial studies: (1) vertial deformation oupling between rust and mantleexpressed by steep deformation fabris in the rust and underlying mantle assoiated with transur-rent/tranpressive deformations (Vauhez et al., 1998), (2) luth tetoni model implying transfer of61



dutile deformation from the mantle to the rust along a weak lower rustal zone (Tiko� et al., 2002,2004). The latter model is supported by a onept of weak lower rust �owing over strong and me-hanially passive upper mantle preserving �frozen� fabri from the period of the mantle lithosphereformation (Babu²ka and Plomerová, 2006; Babu²ka et al., 2008). The degree of oupling betweenthe rustal and mantle parts of the lithosphere is also a funtion of the balane among surfae foresrelated to plate tetonis, the gravity fore related to lateral variations in lithospheri thikness, andthe buoyany fores related to density variations (Artyushkov, 1973; Ramberg, 1981; Molnar et al.,1993; Chemenda et al., 1995; Ellis, 1996; Molnar and Lyon-Caen, 1988).There exist only rare strutural and mirostrutural data from peridotites allowing diret assessmentof rheologial behavior of sub-ontinental mantle (Preigout et al., 2007; Roux et al., 2008; Soustelleet al., 2009) reorded during ontinental rifting and rustal thinning. However, there is no informationabout rheologial behavior of subontinental mantle during ontinental ollision and rustal thiken-ing. The Bohemian Massif represents suh an internal orogeni zone of double thikened Varisanrust whih ontains the high grade lower rustal Gföhl Unit marked by the presene of garnet andspinel peridotite bodies of di�erent origin (Medaris et al., 1990) enlosed within large omplexes ofhigh pressure granulites (Carswell and O'Brien, 1993). Large exposures of orogeni lower rust andupper mantle allow studying mehanial interations between these two key lithologies at elevatedtemperatures and pressures orresponding to atual rustal thikness and temperature of the Tibeteanor Andean orogens (Guy et al., 2011; Lexa et al., 2011). However, up to the present time, there areonly few studies onerning internal deformation fabri of some of large peridotite bodies in the Bo-hemian Massif (Mahek et al., 2009; Medaris et al., 2009; Kamei et al., 2010) ompared to a numberof strutural and mirostrutural studies of HP granulites and to studies of similar lower rustal om-plexes (e.g. Caledonian Western Gneiss Region in Norway; Bruekner, 1998; Bruekner et al., 2002).Lak of suh studies in peridotites is due to high degree of serpentinisation of these roks allowingonly petrologial and geohemial analyses of few well preserved mineral assemblages and beausesuh peridotite�granulite assoiation are relatively rare at outrop level (Medaris et al., 1990, 2005;Shmädike and Evans, 1997; Shmädike et al., 2010).This work attempts to ombine strutural and mirofabri data from a relatively well preserved peri-dotite body and surrounding HP granulites with existing petrologial and geohronologial onstraintsto propose a onsistent model of rheologial behavior of rust and mantle in a deep orogeni root. Apartfrom the oneptual mehanisti model these dataset results in the semi-quantitative assessment62



Figure 1. Geologial setting: (a) position of the Bohemian Massif in the framework of the European Varisides (modi�ed afterFranke, 2000) and (b) simpli�ed tetoni map of the eastern margin of the Bohemian Massif; () a simpli�ed geologial map of thestudy area aording to the geologial map 1:50,000, sheet of the Czeh Geologial Survey.of the degree of rheologial and mehanial oupling between rust and mantle during orogeny.Geologial settingThe present day struture of the Bohemian Massif originated by the southeastward subdution of theSaxothuringian Ordoviian Oean underneath the Teplá�Barrandian domain ontinental lithosphereduring Upper Devonian (Franke, 2000). Closure of the Saxothuringian Oean followed by underthrust-ing of the Saxothuringian lithosphere beneath the Teplá�Barrandian domain led to development of a63



double-thikened orogeni root represented by the upper rustal Teplá�Barrandian domain and mid-dle/lower rustal Moldanubian domain (Shulmann et al., 2009) (Fig. 1a). Thikening of the orogeniroot domain was followed during Lower Carboniferous by the ontinental promontory of the Bruniaontinent indentation in the southwestward diretion, triggering extrusion and exhumation of the oro-geni lower rust into the mid-rustal depths (Shulmann et al., 2005). The studied area is loatedin the Gföhl Unit of Moldanubian domain representing outrops of this orogeni lower rust at theeastern margin of the Bohemian massif (Fig. 1b).The Gföhl Unit onsists of partially molten orthogneisses, amphibolites and migmatite gneissesinluding bodies of granulites, elogites and peridotites (Tollmann, 1982). Felsi granulites of gran-ite/rhyolite a�nity (Fiala et al., 1987) are omposed of quartz, garnet, kyanite, alkaline feldspar,plagiolase and rutile (Carswell and O'Brien, 1993). Typial felsi granulites are interpreted as meta-morphosed equivalents of Lower Palaeozoi, probably high-level granites underthrust and buried toform the deepest part of the ontinental root during the Varisan ollision (Janou²ek et al., 2004;Janou²ek and Holub, 2007; Lexa et al., 2011). Petrologial studies of felsi and pyroxene-bearing in-termediate granulites show peak onditions of 800�1000 °C and 1.6�2 GPa (Cooke, 2000; Cooke andO'Brien, 2001; �típská et al., 2004; Taj£manová et al., 2006; Raek et al., 2006, 2008;) and amphibolitesfaies retrogression at 750�700 °C and 0.4�0.9 GPa. The proess of vertial movement of high-gradegranulite omplexes to mid rustal levels has been reently desribed and attributed to a vertial ex-trusion of orogeni lower rust (Shulmann et al., 2005; Taj£manová et al., 2006). The extrusion waslater followed by horizontal hannel �ow (Shulmann et al., 2008; �típská et al., 2008) in middle rustallevel, oupled with retrogression of granulites and intensive melting (Hasalová et al., 2008a).The studied granulite�peridotite rok assoiation ours within the Nám¥²´ Granulite Massif (Mat�ejovská,1967) at the boundary with the ontinental Brunia promontory to the East and to the North (Fig.1b and ). The granulite body is nearly ompletely enveloped by a belt of pyroxene and/or garnetamphibolites with a tholeiiti geohemial signature (�ihta°ová, 1981). This granulite�amphiboliteomplex is further surrounded by garnet- and sillimanite-bearing gföhl gneisses (Mat�ejovská, 1975).Hasalová et al. (2008a,b) showed that the di�erent orthogneiss types an be onsidered as a ontinuoussequene ranging from banded orthogneiss to nebuliti migmatites, developed by melt in�ltration in amiddle-rustal hannel.The Mohelno peridotite belongs to numerous bodies of spinel to garnet peridotites enlosed withinretrogressed granulite of the Nám¥²´ Granulite Massif.64



Figure 2. Strutures in granulites observed in the �eld: (a) the strutural map of the study area shows trajetories of S2�3foliation, ontoured pole �gures of myloniti �negrained foliations (S2�3) and lineations (L2�3) in granulites as well as S4 and L4strutures; (b) the idealized ross-setion shows a Nám¥²´ Granulite Massif as a low strain domain preserving steep S2 mylonitifoliations a�eted by S4 �at fabri due to underthrusting of the Brunia basement promontory.
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These bodies form lenses ranging from meters to several kilometers in size (Urban, 1992), while theMohelno serpentinized peridotite exhibits a form of a large fold ar with dereasing thikness from~1000 m in the northern limb to ~300 m in the southern one (Fig. 1). Peridotites are stronglyserpentinized (50�100 %) but their original pristine mirostruture is loally preserved. The originalmineral assemblage of the peridotites is represented by olivine, orthopyroxene, linopyroxene andspinel (Stage I of Medaris et al., 1990). Primary spinel is overgrown by garnet (Stage II) followedby further breakdown to linopyroxene and spinel (Stage III) and amphibole and spinel sympletites(Stage IV) assoiated with �ne-grained myloniti mirostruture. Peridotites display a geohemialsignature harateristi for an asthenospheri origin, and beause of presene of pyroxenite veins, itwas proposed that the original spinel peridotite developed at temperatures lose to dry pyrolite solidus(Medaris et al., 1990; Kamei et al., 2010). However, pressure estimates for this evolutionary stage havenot been quanti�ed. Aording to standard geothermobarometry the peak mineral assemblage of garnetperidotite ourred at 2.3�2.8 GPa and temperature ~1200 °C (Medaris et al., 1990) or at 1.8�2.5 GPaat 1100�1250 °C (Kamei et al., 2010) while myloniti mirostruture with seondary spinel revealsonditions of 0.8�1.5 GPa at 800�950 °C. The linopyroxene-spinel and amphibole-spinel kelyphiteassemblage around garnets are orrelated with granulite faies and amphibolite faies retrogressionof the surrounding granulites, respetively (Medaris et al., 1990, 2005; Kamei et al., 2010). Theontat zone between granulite and peridotite along the inner margin of the Mohelno peridotite bodyis haraterized by the presene of various magmati roks as hornblendite, biotitite and gabbrodioriteinterpreted as a reation zone between hot peridotite and host granulites (Dobretsov et al., 1984).
Strutural geology of Mohelno peridotite and host roksThe strutural pattern of the Mohelno peridotite reveals homogeneous myloniti fabri and pyroxenitelayering while the surrounding granulite and amphibolite exhibit a polyphase strutural evolution(Fig. 2). Speial attention was paid to the distribution of garnet and oarse spinel within the MohelnoPeridotite Body (MPB). Our study shows that the oarse-grained spinel variety oupies the majorityof the peridotite body, while the garnet one is rimming the inner ar of the fold hinge with exeptionof one sample loated in the southeastern extremity of the peridotite body (Fig. 3e). In general, theperidotite mineral assemblage is rarely preserved due to extensive serpentinization.66



Figure 3. Main strutural elements in the lose viinity of the Mohelno peridotite body observed in the �eld. (a) Mylonitifoliation in peridotite is de�ned by elongated porphyrolasts of orthopyroxenes (Sp) and rework also websterite layers (Spb) thatour parallel or oblique to the myloniti foliation; (b) myloniti �ne-grained foliation S2 in granulites show often isolinal folds;() a granulite�peridotite interfae along the inner fold with felsi partial melts and granulite wedging towards the peridotite; (d)loalized �at S4 shear zones in granulites rework subvertial S2�3 foliation; (e) a simpli�ed geologial map of the study area showstrajetories of the myloniti foliation and websterite layering in peridotites, and S2�3 foliation in granulites. Ourrenes of garnet(blak squares) and sampling sites (blak irles) are shown as well as foliations measured in the �eld; (f) ontoured pole �gures ofthe poles to porphyrolasti foliation, websterite layers and S2 together with S3 foliations.Both oarse-grained spinel- and garnet-bearing peridotite are mylonitized resulting in developmentof �ne-grained spinel-bearing matrix and orthopyroxene porphyrolasts (Fig. 3a). This mylonitifoliation is generally steeply dipping and its orientation follows the fold shape of the peridotite bodywith the fold hinge steeply plunging to the West (Fig. 3e). The seond fabri element is represented67



by milimetres to several entimetres thik bands of websterites to orthopyroxenites (Fig. 3a) thatform layers either parallel or oblique with respet to prinipal myloniti fabri. The pyroxenite layersare also mylonitized and a�eted by late fratures whih progressively disappear in the surroundingserpentinized matrix.Four deformation fabris were reognized within the Nám¥²´ Granulite Massif diretly surroundingthe Mohelno peridotite. Both S1 and S2 fabris are haraterized by a granulite faies mineral assem-blage suh as garnet, kyanite, perthiti feldspar and rutile. Coarse-grained granulite faies S1 fabri ispreserved only in low-strain domain within the internal part of the fold hinge and is de�ned either bylithologial layering or by a faint shape preferred orientation of mineral aggregates. Due to strong D2transposition the geographial orientation of S1 fabri annot be determined in the �eld. Reworkingof the S1 fabri is orrelated with evolution of (ultra)myloniti granulite S2 fabri assoiated withdevelopment of isolinal folds F2 (Fig. 3b). S2 foliation is striking N�S and E�W in the northern andin the southern parts of the Nám¥²t' Granulite Massif, respetively (Fig. 2a). Here, the subvertialS2 is turned together with the peridotite layer and bears a mineral lineation moderately plunging tothe West (Fig. 2a). The rotation of the S2 foliation into the E�W diretion is assoiated with thelarge sale F3 folding of the granulite layering and peridotite sheet resulting in formation of uprightperidotite F3 folds with E�W trending axial plane and West plunging hinge. The large sale foldingis aompanied with a retrogression E�W trending S2 fabris under amphibolite faies onditions as-soiated with partial melting forming foliation parallel leuosomes. The retrogression along fold limbsleads to development of steep omposite S2�3 fabri marked by alternations of felsi granulites withmigmatiti granuliti gneiss (Mat�ejovská, 1975). The internal part of the peridotite fold hinge is af-feted by D3 shear zones whih may be interpreted as axial leavage of large sale F3 folds. Here, thegranulites are strongly sheared and retrogressed as shown by a syn-D3 growth of sillimanite and biotiteand elongated lenses of graniti melt. Farther away from the peridotite body is D3 expressed also bythe development of meter sale parasiti F3 folds.Sub-vertial S2 and S3 fabris are reworked by sub-horizontal S4 foliation, whih is a ommonstruture of the Nám¥²´ Granulite Massif. In the volumetrially more important western part of theNám¥²´ Granulite Massif, the N�S and E�W striking steep S2�3 foliations are reworked by �at shearzones and reumbent open folds with N�S and E�W trending hinges, respetively (Fig. 3d). Inthe eastern extremity of the massif the degree of the D4 deformation is more important leading todevelopment of lose to isolinal E�W trending F4 folds assoiated with development of a pervasive S468



migmatiti foliation. Here, the S4 is marked by preferred orientation of biotite and oarse leuosomelayers. The S4 bears SW plunging mineral and strething lineation marked by alignment of sillimaniteand elongation of quartz-feldspar aggregates (Fig. 2a).Peridotite and granulite mirostruturesAording to experimental works, deformation mirostrutures and grain size depend on temperature,stress and/or strain rate and an be used to deipher prevailing deformation mehanisms (Rutterand Brodie, 1992). These data may ontribute to understand mehanial behavior of mantle and rustduring di�erent stages of tetoni evolution. In peridotite, grain size was measured in less serpentinizeddomains using linear-interept method. Individual mirostrutures of granulites were manually traedand median grain size was estimated using area-interept method for individual phases. It is noteworthythat serpentinization alters 50�100% of the rok volume and is expressed by presene of antigorite bandsoloured with a dispersed submirosopi pigment of iron oxides. Ferromagneti minerals, mainlymagnetite and maghemite are also abundant, and hlorite and tal are present as aessories.

Figure 4. Mirophotographs of the most important mirostrutures: (a) a oarse-grained opx + spl + ol porphyrolasti do-main haraterises the original mineral assoiation in the majority of the peridotite body; (b) elongated garnet in oarse-grainedmirostruture along the inner margin of the body; () garnet-pyroxene porphyrolast surrounded by serpentinized myloniti mi-rostruture; (d) oarse S1 mirostruture in granulite, with ore-mantle features visible in zoomed part (d.1); (e) ultra-mylonitiS2 mirostruture in granulite; (f) S3 mirostruture in granulite (mineral abbreviations after Kretz, 1983). 69



The original oarse-grain mirostruture is reported for both, spinel and garnet peridotite relis,preserved in less serpentinised domains (Medaris et al., 2005; Kamei et al., 2010). Coarse-grainedspinel peridotite relis ontain large orthopyroxene (1�15 mm), olivine (1�4 mm), linopyroxene (1�2mm) and oarse spinel (1�2 mm) (Fig. 4a). Orthopyroxene porphyrolasts loally show thin exsolutionlamellae of linopyroxene along mineral leavage. In the oarse-grained garnet peridotite the garnetours in form of large and elongated (up to several entimetres in size on diameter) rystals (Fig.4b and ) surrounded by oarse-grained matrix preserving stable grain boundaries with orthopyroxene(1�4 mm), olivine (1�3 mm) and linopyroxene (1�2 mm) (Fig. 4b). In the whole MPB the oarse-grained original mirostruture is onverted into dynamially rerystallized �ne-grained spinel-bearingmyloniti matrix (mean grain size ~60 µm). Many garnets found in the �ne-grained spinel-bearingmatrix show inner linopyroxene-spinel and outer amphibole-spinel kelyphyti rims (Medaris et al.,2005; Kamei et al., 2010).Millimeter to several entimeter-thik pyroxenites bands exhibit a porphyrolasti mirostruturede�ned by orthopyroxene porphyrolasts surrounded by polygonal orthopyroxene grains. Fine-grainedlinopyroxene is oasionally preserved within dynamially rerystallized orthopyroxenes with meangrain size of ~60 µm.Rare felsi granulite S1 mirostruture is haraterized by oarse-grained mineral assemblage (sev-eral mm in size) of quartz + perthite + garnet + kyanite + biotite. The S1 fabri is de�ned byelongation of garnet grains and quartz ribbons (Fig. 4d). Perthiti feldspars (~200 µm) show ore andmantle mirostruture rimmed by neoblasts of plagiolase (~35 µm) and K-feldspar (~30 µm; Fig. 5).Large quartz grains (~200 µm) our within platy ribbons and exhibit highly lobated grain bound-aries pointing to grain boundary migration rerystallization mehanism (Guillope and Poirier, 1979).Felsi granulite from a lose viinity of the peridotite body show well developed myloniti granuliteS2 fabri with stable mineral assoiation of high pressure granulites (qtz + kfs + plg + grt + ky+ rt + bt). Rerystallized feldspars as well as quartz are intermixed within equal-sized �ne-grainedrerystallized mirostruture of quartz (~59 µm), plagiolase (~50 µm) and K-feldspar (~43 µm) (Fig.4e, Fig. 5). Garnet rystals are rih in large quartz and perthiti feldspar inlusions with lobate grainboundaries. These inlusions reveal larger grain size ompared to the �ne-grained matrix. Similarly,kyanite rystals form inlusions inside rims of oarser perthiti feldspars pointing out to their earlygrowth. Retrogression of S2 by D3 deformation is generally haraterized by fabri oarsening andmore spei�ally by growth of plagiolase around unstable kyanite, formation of oarse-grained quartz70



Figure 5. Histograms showing grain size distribution of quartz and plagiolase in S1 mirostruture, and quartz, plagiolase andK-feldspar in S2/S3 mirostruture. Tables with statistial data in the top right orner.ribbons and leuosome layers parallel to the S2 fabri. The S4 fabri is assoiated with a formationof amphibolite faies mineral assemblage represented by qtz + kfs + plg + bt ± grt ± ky ± sill ±ms ± rt ± ilm. Retrogression is mostly haraterized by heterogeneous grain oarsening, hydration oforiginal mineral assemblage marked by development of biotite rih bands and leuosome layers parallelto S4 foliation (Fig. 4f), and growth of a new �ne-grained garnet as reported also by Hasalová et al.(2008a). Kyanite is replaed by sillimanite forming aiular aggregates or �brous rystals aligned withbiotite shlierens replaing garnet. Loally, musovite formed at the expense of biotite. Both feldsparsform oarser-grained matrix omposed of K-feldspar (~151 µm) and plagiolase (~103 µm) that enlosethik ribbons onsisting of oarse quartz grains (~122 µm) with lobated grain boundaries (Figs. 4fand 5).Lattie preferred orientation and deformation mehanismsLattie preferred orientation of olivine and orthopyroxene in peridotite allows determining the orien-tation of the main fabri preserved from stati serpentinization. It also provide information on ativeslip systems of olivine and orthopyroxene that depend on (a) deformation regime (Tommasi et al.,1999), (b) temperature (Tommasi et al., 2000; Demouhy et al., 2009), () pressure (Couvy et al.,2004; Raterron et al., 2009) and probably (d) water ontent (Chopra and Paterson, 1984; Makwell et71



al., 1985; Jung and Karato, 2001).MethodsLattie preferred orientation of olivine was measured on a sanning eletron mirosope CamSan4 atthe Institute of Petrology and Strutural Geology, Charles University in Prague by eletron bak�sattereddi�ration (EBSD) using HKL tehnologies CHANNEL 5 software (Shmidt and Olesen, 1989). Di�ra-tion patterns were aquired at a working distane of 40 mm and using an aelerating voltage of 17kV. The whole proedure (pattern aquisition, image freezing, band detetion, indexing and resultbakup) was arried out on the studied samples manually. Additionally lattie preferred orientation ofolivine and orthopyroxene were measured on a TESCAN sanning mirosope at the EOST, Universityof Strasbourg using EDAX OIM software. LPO data were obtained in automati mode along withhemial elements distribution to minimize mis-indexing. Measured raw data were manually proessedto orientation data sets based on one point per grain. In both approahes eah individual grain is rep-resented by only one orientation measurement, and equal weighting to eah orientation measurementhas been given for the ontouring of the pole �gures.Due to strong serpentinization, the LPO was measured in thin setions prepared in three ways:(a) normal to porphyrolasti foliation and parallel to strething lineation both de�ned in the �eld(�mathing F&L� samples in Fig. 6), (b) normal to porphyrolasti foliation de�ned in the �eld andparallel to its dip diretion (�mathing F� samples in Fig. 6), () in ase of strongly serpentinizedsamples, normal to a randomly hosen frature plane and parallel to its dip diretion (�not mathing�samples in Fig. 6). All LPOs were rotated and presented in non-polar, lower hemisphere equal areaprojetions in the geographi oordinates (North is loated in the top of the pole �gure). Foliationplane and lineation measured in the �eld are presented in the pole �gure as solid line and triangle,respetively. The di�erent patterns of olivine LPOs are illustrated in three pole �gures of the mainaxes [100℄, [010℄ and [001℄.In order to haraterize the ourrene of the given type of olivine LPO in a more objetive way,a PGR diagram was arried out aording to Vollmer (1990). He proposed the eigenvalue lassi�-ation for orientation data in order to quantify the type of distribution (point, girdle and random).The magnitude of three eigenvalues for every presented rystallographi diretion (λ1≥ λ2 ≥ λ3 withthe normalization λ1 + λ2 + λ3= 1) are used to de�ne three PGR fabri indies, point maximum(P = λ1 − λ2), girdle (G = 2(λ2 − λ3)) and random (R = 3λ3). These indies range from 0 to 172



and have the property that P + G + R = 1. Both analyses as well as projetion of pole �gureshave been arried out by software from the shareware pakage (Mainprie, 1990); ftp://www.gm.univ-montp2.fr/mainprie//CareWare_Unief_Programs/).Additionally strength of the fabri in every sample was expressed in misorientation index (M-index,Skemer et al., 2005). The M-index is based on the distribution of unorrelated misorientation angles.Value of the M-index orresponds to the di�erene between the observed distribution of unorrelatedmisorientation angles and that predited for a random fabri. It has values from 0 (for random LPOfabri) to 1 (for a single rystal fabri).ResultsLattie preferred orientation of olivine is not uniform in the measured samples. The eigenvalue las-si�ation shows a strong omponent of random distribution in all samples, but also allow to identifytwo types of LPO patterns (Fig. 6). The �rst type shows girdle distribution of the [100℄ axes with thesub-maximum inside the girdle and broad point maximum of the [010℄ axes providing the strongestmaximum. The [001℄ axes show generally weak preferred orientation, but some samples show a weakpoint maximum (Fig. 6). In the PGR diagram the [100℄ axis plots in between G and R orners,indiating girdle dominated distribution of this axis, while the [010℄ axis plots between P and R apexessuggesting a point type distribution (Fig. 8b). This LPO is harateristi for the AG-type (Mainprie,2007) or axial [010℄ pattern aording to Tommasi et al. (2000), also alled [010℄-�ber pattern (Bunge,1982). It is developed preferentially along the inner margin of the fold-shaped serpentinized peridotitebody. Loally, it has also been measured in a few samples from the entral part of the southern limbof the peridotite fold (Fig. 8a). The seond LPO type shows the strongest point maximum of [100℄and girdle distribution for both the [010℄ and the weakest [001℄ axes (Fig. 6). In the PGR diagram the[100℄ axes plot between P and R orners while the [010℄ axes plot in between G and R apexes. Suha type of texture orresponds to [100℄(0kl) pattern (Tommasi et al., 2000) or D-type (Karato et al.,1980; Jung and Karato, 2001; Mainprie, 2007) or [100℄-�ber pattern (Bunge, 1982) and is typiallydeveloped in the interior and along the outer parts of the fold shape peridotite body (Fig. 8).In several sites the marosopi lineation or both lineation and foliation were not known (Fig. 6,mathing F and not mathing samples) and therefore the eigenvalue analysis was used to identify theorientation of these fabri elements. 73



Figure 6. Measured olivine LPO is presented in ontoured pole �gures of [100℄, [010℄ and [001℄ rystal diretions in geographioordinates. The left olumn shows LPO with axial [010℄ pattern, while right olumn present LPO with [100℄(0kl) pattern.`Mathing F&L' group of LPOs orrespond to samples with learly de�ned foliation and strething lineation in the �eld. `MathingF' (myloniti foliation reognised) and `not mathing' (neither foliation nor lineation reognised) group show LPOs that belongto more intensely serpentinized samples. Full line and dashed line half-irle orrespond to the trae of the myloniti foliationmeasured in the �eld and de�ned from the eigenvetor analysis, respetively. Full triangles and full irles show positions of thestrething lineation measured in the �eld and alulated from the eigenvetor analysis, respetively. Pole �gures are in equal areaprojetion on lower hemisphere, and ontoured at 0.5 times of uniform distribution interval (.5 mud). M is a value of M-index, Pand G values are alulated from the eigenvalue analysis, pfJ is a value of texture index (J-index) and N is a number of measuredgrains.74



Figure 7. LPO of olivine and orthopyroxene measured on `not mathing' samples show parallelism of the olivine [100℄ withorthopyroxene [001℄ maxima positions whih represent independent ontrol of the strething lineation determination. Pole �guresare in equal area projetion on lower hemisphere, and ontoured at 0.5 or 1.0 times of uniform distribution interval (.5 or 1 mud).P and G values are alulated from the eigenvalue analysis, pfJ is a value of texture index (J-index) and N is a number of measuredgrains.Beause, the [100℄(010) slip system is the most ative in both LPO types the maximum eigenvetororientations for the [100℄ and [010℄ axes were attributed to the strething lineation and the pole offoliation, respetively. In order to on�rm the orientation of lineation and foliation dedued from olivineLPO the lattie preferred orientation of orthopyroxene was measured in several samples. OrthopyroxeneLPO shows point maximum in [100℄ and [010℄ diretion, and girdle distribution of the [001℄ axes withthe sub-maximum inside the girdle (Fig. 7) suggesting main ativity of the [001℄(010) and minorontribution of the [001℄(100) slip systems. These pole �gures show that the orthopyroxene LPOon�rms the foliation and lineation orientations dedued from olivine LPO measurements.M-index alulation shows small strength of the olivine LPO in majority of samples providing valuesless than 0.1. Several samples exhibit a higher LPO strength, however there is no orrelation with thetype of the LPO (Fig. 8a).DisussionData presented in this work show the proedure for reonstrution of fabri features suh as foliationand lineation using olivine LPO data in strongly serpentinized peridotite. 75



Figure 8. (a) Orientations of foliation and lineation within the Mohelno serpentinized peridotite body (MPB) aording to theeigenvetor analysis of olivine LPO. LPO revealed that the axial [010℄ pattern our mainly along the inner margin and the southernlimb of the fold, while the [100℄(0kl) pattern our in the rest of the body. Values of M-index for eah measured sample are presentedin the map with ontours of the MPB; (b) point�girdle�random (PGR) diagrams for main rystallographi diretions. Eah symbolin individual diagram represents one measured sample. Cirles haraterize olivine LPO with axial [010℄ pattern either from thenorthern limb (blak irles) or southern limb (white irles). Square symbols orrespond to the [100℄(0kl) pattern.A preservation of the lattie preferred orientation in studied samples shows that serpentinizationpostdate development of the LPO, and its randomization is more likely related to dynami rerystal-lization of olivine during development of porphyrolasti mirostruture than to a late serpentinizationrelated event.EBSD measurements of remnant olivine and pyroxene together with the eigenvetor analysis andthe eigenvalue lassi�ation (Vollmer, 1990) helped to onstrain the ative slip system and provide76



information about LPO symmetry. The studied samples with porphyrolasti mirostruture showeither [100℄(0kl) LPO or axial [010℄ LPO pattern, implying that they have been deformed underrelatively high stress and `dry' onditions (Jung and Karato, 2001; Mainprie, 2007). However, originof the olivine LPO is still not learly established. The olivine [100℄(0kl) pattern orresponds to the mostommon olivine slip patterns and is expeted to our at medium temperatures a. 1000 °C (Carter andAve'Lallemant, 1970). It is ommonly reported from peridotites with a oarsegrained mirostruture(e.g. Ildefonse et al., 1995; Soustelle et al., 2010) and from high shear strain experiments (Bystrikyet al., 2000). In terms of deformation regime this pattern of olivine LPO was numerially modeled asa result of transtensional deformation (Tommasi et al., 1999). The axial [010℄ LPO pattern an eitherindiate ontribution of the [001℄ glide in olivine (Demouhy et al., 2009; Tommasi et al., 2000), or itan be aused by �ow omponent orthogonal to shear plane in transpressional regime. This pattern wasnumerially simulated for dynamially rerystallized polyrystalline olivine in transpressional regime(Tommasi et al., 1999). Reently, the latter pattern was measured in refratory harzburgites refertilizedin mantle onditions, and explained as a result of ombination of reovery and stati rerystallizationthat may modify strain-indued axial [100℄ LPO pattern (Tommasi et al., 2008). The same patternswere also observed in Kerguelen xenoliths (Basou et al., 2008), and in this ase the least metasomatizedperidotites (harzburgites) display a axial [010℄ LPO pattern while the most metasomatized (dunites)display either an orthorhombi symmetry or a [100℄(0kl) pattern.Signi�ane of the two types of olivine fabris: a reord of the thermal history of aquenhed peridotite?Our results on�rm previously reported typology of olivine LPO patterns from the Mohelno PeridotiteBody (Kamei et al., 2010). Aording to these authors, the existene of the two LPO types an beorrelated to the thermal history of a hot peridotite emplaed into the older granulites. Beauseof the slow ooling and ontinuous deformation in the interior of the peridotite body, the original[100℄(010) to axial [010℄ pattern (suggested as a high temperature fabri) in the spinel peridotite wasonverted to the axial [100℄ pattern (suggested as a lower-temperature type). It was proposed that thehigh-temperature [100℄(010) to axial [010℄ pattern was preserved only at the garnet-bearing margin ofthe peridotite body where ooling was rapid and the texture was quenhed. Aording to this modelthe redution of grain size that ourred during later deformation partly obliterated the two types ofpreviously developed fabri patterns in both garnet and spinel peridotites. The initial rapid ooling77



at high temperatures assoiated with deformation probably ourred after the mantle peridotite wasemplaed into the granulites, whih implies that the spinel- to garnet-peridotite transformation tookplae in the ontinental rust (Kamei et al., 2010).This interpretation is mainly based on the petrologial arguments and idea that garnet is not aprimary mantle mineral, but rystallizes at the margin of the body due to di�erential ooling betweenthe interior and the margin during emplaement of the peridotite sheet in the granulite roks (Medariset al., 1990; Kamei et al., 2010). Aording to the published hromium ontent of primary spinel(Yr = 0.121�0.193; Kamei et al., 2010), suh an interpretation requires hypothetial rystallization ofgarnet between 1100�1200 °C during an isobari ooling at pressures of ~2.3 GPa (Fig. 10a). However,suh extreme P�T onditions were never reported from Bohemian Massif granulites and signi�antlylower temperatures of 800�900 °C were ommonly alulated (�típská et al., 2004; Taj£manová etal., 2006; Raek et al., 2008; Fran�ek et al., 2011). In addition, our detailed mapping showed thatgarnet ours only along the inner margin of the peridotite megafold and not all around the wholeperidotite body as it required by the quenhing model. Also, `the quenhing' of the high temperatureLPO and mirostruture in the body margin and its ontinuous alteration assoiated with dereasingtemperature towards the entre of the peridotite does not �t with the regional grain size distributionof rerystallized pyroxenes reported by Kamei et al. (2010). Aording to model, the larger grainsizes of pyroxenes now in the body entre should theoretially our in the quenhed body margin thatpreserves higher temperature mirostruture. On the basis of all these arguments, we do not agree withthe quenhing model of LPO development and in the following pages, we provide arguments favoringdeformation history that explains origin and regional distribution of both olivine LPO types.Relationship between �eld struture and olivine LPOField observations arried out in the Nám¥²´ granulite body show well preserved S2 steep mylonitifabri onordant with olivine and orthopyroxene foliation of the fold-shaped Mohelno Peridotite Body(Fig. 3). In order to ompare internal strain patterns of the peridotite with those of surroundinggranulite, the orientations of the onstruted olivine foliations and lineations were projeted on themap (Fig. 8a) and into the stereographi projetions (Fig. 9). The strutural map shows that theolivine foliations generally follow the shape of the peridotite body for both types of LPO. The axial[010℄ type distribution is dominant along the inner margin of the body and along the southern limbof the large fold thereby oiniding only partly with ourrene of garnet. In ontrast, the [100℄(0kl)78



pattern is developed in the northern limb and the hinge of the MPB fold.The poles to foliation of all LPO data (Fig. 9a) are dominantly distributed along a great irle andthe pole of the great irle oinides with the megafold hinge (β-axis of Sander, 1930; Fig. 3). Inaddition, the lineations obtained from [100℄(0kl) pattern oupy a similar position in the stereographidiagram (Fig. 9b). In ontrast, lineations from the axial [010℄ are rotated along the fold hinge (Fig.9). This fabri pattern an be interpreted as a result of large sale folding of pre-existing olivinefabri and its rotation around a fold hinge. Our data show that the high M-index oinides withprolate fabri in the hinge and northern limb of the MPB fold ompared to oblate fabri and weakM-index in the southern limb and inner part of the northern limb. This pattern an be explainedby a two phase strutural evolution. During the �rst stage the whole peridotite body aquired weakoblate deformation related to emplaement of mantle sheet into lower rustal granulites (Fig. 11b).Subsequently, the vertial N�S striking sheet beomes folded due to horizontal N�S shortening andvertial extrusion (Fig. 11) as proposed by Fran¥k et al. (2011) and Lexa et al. (2011). The vertialextrusion is assoiated with folding of the peridotite sheet and favors onstritional deformation in fold

Figure 9. Lower hemisphere, equal area stereographi projetions of poles to foliations and lineations alulated from (a) allolivine LPO data; (b) LPO data from the fold northern limb and the hinge zone; () LPO data from the fold southern limb andadjaent granulite. 79



hinges, while folded limbs an preserve oblate fabris. If the vertial extrusion hannel has irular orelliptial setion, the onstritional �ow is produing folds with vertial hinges due to lateral shorteningof the vertial anisotropy (Weijermars, 1993; Kratinová et al., 2006).Thermal and mehanial interations between mantle and rustMedaris et al. (2005) proposed that the Mohelno peridotite orresponds to the upper mantle depletedduring Late Devonian intraontinental rifting. The spinel preserved in garnet porphyroblasts is in-terpreted as a reli of this stage (Medaris et al., 1990). Lithospheri thinning was followed by thedevelopment of a 70 km thik orogeni root (Shulmann et al., 2005, 2009). The rustal thikeningmodel �ts well with petrologial studies of spinel and garnet peridotites whih reveal that both oarse-grained mirostruture equilibrated at similar temperatures 1100�1200 °C and pressures of around2.3 GPa (Fig. 10; Medaris et al., 1990; Kamei et al., 2010). Suh P�T values ould be regarded aspeak P�T onditions of the Mohelno peridotite, and the mineral zoning may re�ets position of thespinel�garnet isograde in the mantle (O'Neill, 1981; Klemme and O'Neill, 2000; Kamei et al., 2010). Insuh a setting the spinel�garnet transition is loated only 5�10 km under the double thikened Mohoorresponding to a depth of 80 km (Fig. 11a). Rheology of the lithosphere during both thinning and

Figure 10. Pressure�temperature diagram showing results of previous petrologial studies and two ontrasting P�T�t paths (greydashed lines) for di�erential ooling of entral and marginal part of the Mohelno peridotite during asent (Medaris et al., 1990). Anovel single P�T�t path is proposed (blak dashed line) that re�ets initial burial of the depleted peridotite to the garnet stability�eld, its further emplaement into granulites and its rapid ooling. Garnet-spinel isoplets are after (1) Klemme and O'Neill (2000)and (2) Walter et al. (2002). Grt�spl isoplets shifted due to Y(Cr) in spinel after O'Neill (1981).80



thikening stages was alulated aording to Thompson et al. (2001) and Shulmann et al. (2002)and suggests that the warm and thin lithospheri mantle was inherited from the thinning stage. Thistetoni setting is supposed to be the neessary prerequisite for further tetoni evolution (Fig. 11a).Tetoni evolution ontinues by mylonitization of the peridotites and the enlosed pyroxenite layersthat ould be linked to the proess of development of an intra-manteli shear zone followed by imbri-ations of peridotite and granulite at the bottom of the orogeni root during ongoing E�W shortening(Fig. 11b). This shortening event is responsible for the formation of N�S trending rustal megafoldsand gravity driven overturns transporting lower rustal and mantle fragments upwards (Shulmann etal., 2008, 2009; Lexa et al., 2011). The onditions of mantle shearing during its emplaement into therust are reorded in linopyroxene-spinel II kelyphite assemblage around garnets, whih may be or-related to kyanite, K-feldspar and garnet assemblage in surrounding granulites (Medaris et al., 1990,2005; Kamei et al., 2010). Progressively, both peridotite and granulite assemblages equilibrated attemperatures and pressures of 800�900 °C and 1.5�0.8 GPa (Figs. 10 and 11).

Figure 11. Tetoni evolution of the Mohelno peridotite body: (a) rheologial pro�le through thikened orogeni rust,spinel/garnet isograde aording to Klemme and O'Neill (2000) and O'Neill (1981), (b) 3D model of imbriations of lithospherimantle and emplaement of the peridotite sheet into the folded lower rust during the stage D2. Oblate ellipsoid is shown indiatingdevelopment of �rst rystal plasti deformation in the ooled peridotite. () Model of indentation of the Brunia promontory or-thogonal to S2 fabris, and development of F3 folds with steep fold hinges a�eting both peridotite and granulite. Prolate ellipsoidshown for fold hinge deformation. 81



Field strutural observations as well as EBSD study show that S2 fabri in granulites and porphy-rolasti fabri in peridotites were atively folded during large sale F3 folding of the MPB assoiatedwith partial melting of granulite and D3 amphibolite faies retrogression. This event is orrelated tothe development of amphibole-spinel oronas around garnet estimated to 700 °C and 0.5�0.8 GPa (Fig.10a; stage IV of Medaris et al., 1990). A similar transition from the granulite �ne-grained mylonitifabri (S2) to the oarser-grained fabri (S3) assoiated to the partial melting has been desribed inother granulites in the Bohemian Massif as a result of deompression after rapid asent of hot gran-ulites to the mid-rustal levels (Fran¥k et al., 2006; Fran¥k et al., 2011). The F3 folding ourred atthe regional sale and is assoiated with indentation of the thikened orogeni root by the Brunianpromontory (Fig. 11) as proposed by Shulmann et al. (2008). Aording to these authors, theS4 fabri reords the later subhorizontal hannel �ow whih transported passively the peridotite andgranulite fold in partially molten roks above the Brunia basement.Emplaement of the Mohelno peridotite body along the highstress shear zone into the granulitefollowed by asent to the mid-rustal levels and ative folding �ts well also with bilinear ooling historiesalulated from garnet omposition. Medaris et al. (1990) showed that the garnet ore temperaturesin exess of 1100 °C required extremely rapid ooling to quenh the low almandine omposition in thegarnet interior. This event re�ets emplaement of the hot peridotite into the older granuliti lowerrust during early stages of D2 event. The existene of garnet rim zoning requires a signi�ant dereaseof the ooling rate during the isothermal deompression assoiated with the vertial asent of granuliteand peridotite to the mid rustal levels during late stages of D2 and D3.Rheologial onstraints for mehanial behavior of peridotite and granuliteAn attempt is made to assess the rheologial behavior of the Mohelno peridotite body and adjaentgranulites for the P�T�D history disussed above. The oarse�grained peridotite mirostruture annotbe suessfully assessed beause of insu�ient number of measurable grains of olivine and pyroxene.However, existing data from mantle xenoliths show the presene of LPO, whih is ommonly interpretedas a result of disloation reep at high temperatures and slow strain rates (e.g. Ildefonse et al., 1995;Soustelle and Tommasi, 2010). Dynami rerystallization of studied peridotite ourred very likely atelevated stress onditions leading to signi�ant grain size redution down to 50 µm in diameter froman original oarse-grained mirostruture in the intra-manteli shear zone. Mirostrutural analyses ofother peridotite mylonites indiate that shear loalization results from the ombined e�ets of grain82



Figure 12. Diagram illustrating the evolution of the peridotite and granulite mirostrutures for di�erent tetoni stages alongproposed PT path. Ative slip systems in olivine are proposed for di�erent evolutionary stages of peridotite shearing and folding.size redution, grain boundary sliding and seond phase pinning during deformation (Kennedy etal., 2002; Warren and Hirth, 2006; Toy et al., 2010). Mirostrutural analyses of the mylonite fabriin study as well as other peridotite bodies suggest that deformation of aggregates with a grain sizeof 10�100 µm ourred by disloation-aommodated grain boundary sliding whih produes an LPO.Grain boundary pinning, due to the mixing of pyroxenes and spinel among olivine grains duringdisloation aommodated grain boundary sliding may result in permanent grain size redution (Visserset al., 1995; Jin et al., 1998; Warren and Hirth, 2006).Aording to our model (Figs. 11b and 12) the axial [010℄ pattern originated at mantle P�T on-ditions during intra-mantlli shearing leading to rystal plastiity harateristi for transpressionalregime (Tommasi et al., 1999). Subsequent thrust related emplaement of peridotite sheet into therust and assoiated rapid quenhing led very likely to important hardening of the peridotite and83



freezing of intra-manteli fabri. The D2 �ne-grained mirostruture of all phases in the host granulitesuggests an aommodation of most of the strain during lower rustal asent transporting passivelyperidotites (Fig. 12).Our model also shows that the lineations alulated from the [100℄(0kl) patterns oinide with theMPB fold hinge, whih suggest that this LPO pattern was aquired during deformation at mid-rustalonditions estimated at ~750 °C. This is in agreement with experimental studies (Demouhy et al.,2009) as well as natural mylonites (e.g. Warren and Hirth, 2006), whih show that the lithospherimantle an be deformed plastially at relatively low temperatures (600�800 °C). It is during the late D3event when vertially anisotropi rust and mantle multilayer oriented at high angle to the advaningpromontory (Fig. 11) is folded thereby produing high stress onentrations in fold hinge regions(Fig. 4 in Shmalholz and Podladhikov, 1999). In this senario, the folding of relatively strongperidotite layer may reativate inherited �ne-grained mirostruture in hinge zone and produe newLPO pattern. For suh a mirostruture, a low stress is enough to ativate further plasti deformationvia disloation-aommodated grain boundary sliding that produes LPO (Vissers et al., 1995; Jin etal., 1998; Warren and Hirth, 2006). The host granulite strutures like parasiti folds and axial leavagezones indiate that the host roks were signi�antly weaker and aommodated folding of the peridotitelayer.
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Supplementary materialM-index and strength of lattie preferred orientationStrength of a lattie preferred orientation an be expressed by di�erent parameters. M-index wasalulated for eah olivine sample, also texture index (J-index) and fabri entropy parameters werealulated in Mtex (Bahmann et al., 2010). Texture index and fabri entropy parameters were al-ulated for both default kernel funtion and optimal kernel funtion for ODF estimation from givenEBSD dataset. Both parameters show linear orrelation with Mindex (Fig. A.1), whih is in agreementwith previous orrelations of M- and J-indexes in Soustelle et al. (2010). Therefore, we assume theM-index as suitable representation of the fabri strength. Using of the optimal kernel funtion ausessystemati vertial shift for both parameters.Deformation mehanism maps (DMMs)Deformation mehanism maps were introdued in rok deformation studies, following their develop-ment in material siene in the seventies of the last entury (Etheridge and Wilkie, 1979; Handy,1989). However, extrapolation of experimental deformation mehanism map to natural onditionsof deformation is not straightforward (e.g. Knipe, 1989; Means, 1990) and often out of reasonablesale and loally even ontrary to mirostrutural observations. Nevertheless, several reent studiesapplied the DMM alulations to assess the rheologial evolution of naturally peridotites (Warren andHirth, 2006; Preigout et al., 2007). Therefore, an attempt is made to assess the rheologial behav-ior of the Mohelno peridotite body and adjaent granulites for the P�T�D history disussed above.Olivine deformation mehanism maps (DMM) were onstruted for expeted mantle�rust transitiontemperature (900 °C) and for lower temperature limit for D3 folding (700 °C) together with anorthiteDMM for 700 °C (Fig. A.2). Deformation mehanism maps show di�erential stress as a funtion ofgrain size for varied strain rates at onstant temperature (Frost and Ashby, 1982). In our DMM themantle rheology is represented by experiments by Hirth and Kohlstedt (2003) for dry olivine, whereasgranulite is approximated by experimental data for syntheti anorthite with 0.07 % of water (Rybakiand Dresen, 2000). These plagiolase experiments were seleted beause of water ontent of naturalfeldspars, whih ranges from 0.02 to 0.5 wt. % (Johnson and Rossmann, 2003).Deformation mehanism maps (DMMs) are onstruted to onstrain the deformation onditions ofthe peridotite and granulite and show di�erential stress as a funtion of grain size for di�erent strain94



rates at onstant temperature. Four di�erent deformation mehanisms are atually proposed for olivine:disloation reep (GSI), di�usion reep (GSS), GBS reep (using terminology of Hirth and Kohlstedt,2003) and low-temperature plastiity (LTP) by Raterron et al. (2004). Two di�erent deformationmehanisms are onsidered for anortite (Rybaki and Dresen, 2000): disloation reep (GSI) anddi�usion reep (GSS). These experimental data on syntheti plagiolase were seleted beause of waterontent of natural feldspars, whih ranges from 0.02 to 0.5 wt. % (Johnson and Rossmann, 2003).The overall strain rate ε̇ is then de�ned as the sum of the partial strain rates for eah of the reepingmehanisms: ε̇=ε̇disl+ε̇di� for feldspar and for ε̇=ε̇disl+ε̇di�+ε̇GBS+ε̇LTP olivine, where ε̇disl is the strainrate for disloation reep, ε̇di� for di�usion reep, ε̇GBS for GBS reep and ε̇LTP for low-temperatureplastiity. Partial strain rates an be alulated aording power-law equations for disloation reep(GSI):
ε̇disl = Adislσ

ndislexp(
−Qdisl

RT
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) (0.0.4)where, Adisl, Adi�, AGBS, ndisl, ndi�, nGBS, mdi�, mGBS, Qdisl, Qdi�, QGBS, R, T, σ and d, respetivelyare: aording to eah deformation mehanism, the pre-exponential onstant, the stress exponent, thegrain size exponent, the ativation energy and, the gas onstant 8.314 J.mol=1K=1, the temperature,the stress and the grain size. For LTP equation the additional parameters are: ALTP a pre-exponentialonstant, F0 the free energy for the disloations to overome frition and obstales (sometimes referedas ativation energy), τ the maximum glide resistane whih quanti�es the Peierls' stress, p andq two �tting parameters. Set of all values for olivine and anortite are listed in Table A.1. Thedeformation maps are divided into several �elds: disloation reep �eld (GSI), di�usion reep �eld(GSS) and spei�ally for olivine DMMs also GBS reep and low-temperature plastiity �elds. Eah�eld represents stress vs. grain size spae for whih one deformational mehanism is dominant e.g.for the disloation reep �eld (GSI) ε̇disl> (ε̇di�+ε̇GBS+ε̇LTP ) the bulk strain rate is dominated by95



Figure A.1. Strength of olivine LPO in analysed samples illustrated by the M-index vs. texture index (J-index) (left)and M-index vs. entropy of the ODF (right) (see text for more detailed desription). Correlation oe�ients in blakare for whole dataset, in grey from dataset with exluded value lying outside of trend (sample LN37, in grey retangle).High value of orrelation oe�ient (R2) indiates mutual onsisteny of these two LPO strength parameters.disloation reep strain rate. Similarly in other DMM �elds the other deformational mehanisms aredominant and ontrol the bulk strain rate. Equilibrium between rerystallised grain size and stress isde�ned by di�erent piezometri relations. For DMM of olivine the piezometers of Twiss (1977); Karatoet al. (1980); Van der Wal et al. (1993) are used, for feldspar are shown HT piezometer of Twiss (1977)and LT piezometer of Post and Tullis (1999). All piezometers are listed in Table A.2.Our alulations on�rm that the DMM alulation approah is not robust enough to predit therheologial evolution of mantle roks with the urrent database of natural mirostrutural observationsand experimental data. However, the DMM approah should be ultivated in the future to avoidsimplifying use of disloation reep equations in lithosphere sale numerial modeling (Thompson etal., 2001; Burov and Watts, 2006).
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Figure A.2. a) Deformation mehanism map for olivine for measured grain size at onstant temperature of 900 °C indiatedi�usion reep as the main mehanism. b) Summarized graph of strength and visosity for range of ommon natural strain rates(10-14�10-12). ,d) Deformation mehanism maps for olivine and plagiolase onstruted at onstant temperature of 700 °C showsdi�erene in strength between both lithologies for range of natural strain rates. Measured grain sizes of olivine and feldsparsindiate disloation reep assisted by GBS and di�usional reep as the dominant operating deformation mehanisms, respetively.Olivine piezometers: 1) Twiss (1977), 2) Van der Wal et al. (1993), 3) Karato et al. (1980).
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Table A.1Olivine dry *Hirth and Kohlstedt, 2003**Raterron et al, 2004*Adisl 1,1.105 MPa-n.s-1*Adi� 1,5.109 MPa-n.s-1*AGBS 6,5.103 MPa-n.s-1*ndisl 3,5*ndi� 1*nGBS 3,5*mdi� 3*mGBS 2*Qdisl 530 (± 4 kJ.mol-1)*Qdi� 375 (± 50 kJ.mol-1)*QGBS 400 (kJ.mol-1)**Altp 2,6.106 (+23 -2.3 s-1)**F0 564 (± 89 kJ.mol-1)**τ 15,4 (+/- 1 GPa)**p 2/3**q 2Anortite100 Rybaki and Dresden, 20000.07 wt.% H2OAdisl 102.6 MPa-n.s-1Adi� 101.7 MPa-n.s-1ndisl 3ndi� 1mdi� 3Qdisl 356 (± 9 kJ.mol-1)Qdi� 170 (± 6 kJ.mol-1)Table A.1 Parameters for disloation reep (GSI), di�usion reep (GSS) in olivine and anorthite and spei�ally for olivine alsoGBS reep and low-temperature plastiity reep.
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Table A. 2 Equations and parameters for used piezometer relations for olivine and anorthite.Mineral/Author Relation ParametersOlivineTwiss (1977) σ(MPA) = BDp B = 14.6p = -0.68D = grain size in mmVan der Wal (1993) σ(MPA) = (B/D)
1/p B = 1,5.104p = 1.33D = grain size in mmKarato (1980) σ(MPA) = (B/D)
1/p B = 8,3.103p = 1.18D = grain size in mmFeldsparTwiss (1977) σ(MPA) = BDp B = 7.8p = -0.68D = grain size in mmPost and Tullis (1999) σ(MPA) = (B/D)
1/p B = 55p = 0.66D = grain size in mm
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Abstrat
The serpentinization of spinel to garnet Mohelno peridotite body is haraterized by presene of thelizardite and iron oxides and alters 50% to 100% of the rok volume. Study of low temperatureand high temperature variation of magneti suseptibility indiates that the peridotite samples aresubdivided into three main groups. Group I shows suseptibilities lower than 10-3 [SI℄ that orrespondsto paramagneti minerals only, while Group II and Group III show magneti suseptibilities 10-3-10-2[SI℄ and higher than 10-2 [SI℄ harateristi for ferromagneti minerals. The AMS reveals three maintypes of fabri: 1) Type I fabri haraterized by lustered K1 diretions, girdle distribution of K2 andK3 diretions, prolate shape of AMS ellipsoid, low degree of magneti anisotropy and oinides withGroup I, 2) the most ommon Type II fabri pattern marked by lustered K1, K2, K3 diretions, planestrain to oblate fabris and generally high degree of suseptibility. 2) Type III fabri lustered K3diretions, girdle distribution of K1 and K2 diretions, mainly oblate shapes of AMS and intermediateto high degree of magneti anisotropy. Magneti foliation follows the fold shape of the peridotitein the Group I and II, while in the Group III there are foliations forming NW-SE trending greatgirdle as well as one strong subgroup of foliations dipping to the West at moderate angles. Magnetilineation is gently plunging in the foliation without preferred orientation in the Group I, while in theGroup II and III it is either gently plunging to the South or it onentrates around the peridotite foldaxis moderately plunging to the West. The Group I samples re�et a fabri of peridotite. Advanedserpentinization and ferromagneti fabri measured in the Group II and III an be explained as a resultof two ompeting fators: 1) the penetration of H2O-rih �uids along the grain boundaries in the �ne-grained mirostruture and rystallization of magnetite following grain boundary network mimetizethe shape of olivine and pyroxene within myloniti mirostruture. 2) the deformation superimposedon almost random serpentine and magnetite matrix bearing well oriented olivine and pyroxene. Inattempt to understand the evolution of the magneti anisotropy a simple model of the magneti fabriin the serpentinized peridotite has been onstruted. Further, we disuss the in�uene of preursorperidotite mirostruture on the magneti fabri aquired during stati serpentinization, and explainedthe deformational origin of the Group III magneti fabri by large sale regional deformation reordedexlusively by ferromagneti minerals in the Mohelno peridotite body.102



KeywordsAnisotropy of magneti suseptibility � AMS � peridotite � orogeni lower rust � serpentinizationIntrodutionStudies of magneti fabris in mantle roks are arried out mostly in oean �oor peridotites (Ou�et al., 2002; Hyndman and Peaok, 2003; Evans, 2010) and/or ophiolites (Borradaile and Lagroix,2001; Borradaile and Luas, 2003) attempting to determine various physial properties of the oeanilithosphere. Studies of magneti fabri in orogeni peridotites embedded in ontinental rust are lessfrequent (Ferré et al., 2005a; Hrouda et al., 2009a,b; Liu et al., 2010) although they may provide dataabout olivine lattie preferred orientation (Ferré et al., 2005b), primary magneti fabri in ontinentallithospheri mantle (Hrouda et al., 2009b) and about serpentinization proess during orogenesis (Ma-Donald and Ellwood, 1988; Rihter and MaLeod, 1996; Jelenska and Werner, 1997; Borradaile andLagroix, 2001; Borradaile and Luas, 2003).Serpentinization is a relatively low-temperature metamorphi proess of hydration and/or �uid al-teration of an ultrama� rok represented by a simple MgO-SiO2-H2O system (Hyndman and Peaok,2003) whih produes many di�erent hydrous minerals, most importantly phyllosiliates of serpentinegroup (antigorite, lizardite, hrysotile), bruite and tal. The modal proportions of these minerals de-pend on ultrama� rok and �uid ompositions, temperature and pressure (Manning, 1995; Hyndmanand Peaok, 2003).Stability of the di�erent serpentine polymorphs was widely explored (Ulmer and Trommsdor�, 1995;Haker et al., 2003; Hyndman and Peaok, 2003) with respet to temperature and pressure variations.For instane, the serpentine polymorph antigorite is stable at relatively high temperatures (300 °C to620 °C) at pressure about 1 GPa in subdution zone settings. Rarely �brous antigorite is reported forlow grade metamorphi onditions and high-deformation setting at slow-spreading mid-oeani ridge(Ribeiro Da Costa et al., 2008). For other two serpentine polymorphs � lizardite and hrysotile lowertemperature onditions of around 200 °C were inferred (e.g. Evans, 1977). For temperatures lowerthan 500 °C in olivine-rih roks (dunite, harzburgite, enrihed harzburgite) serpentine ours togetherwith bruite (Haker et al., 2003; Hyndman and Peaok, 2003) while tal an be present in mineralassemblage as produt of high temperature (~700 °C) deomposition of pyroxene or as late brake-upprodut of antigorite (~200 °C; Hyndman and Peaok, 2003). 103



It is the serpentinization proess along with mineralogial transformations mentioned above whihradially hange the magneti properties of mantle roks. The Fe partitioning into serpentine, bruiteand magnetite, ommon magneti minerals assoiated with olivine breakdown (rarely pure Fe) is themost important proess that in�uenes magneti properties. Evans (2010) suggested that di�usionof Mg-Fe in olivine an minimize growth of magnetite during Mg-rih antigorite serpentinization attemperatures above 500 °C. On the other hand, low temperature Mg-rih lizardite serpentinizationwill inevitably produe magnetite. Therefore, it is important to reognize the P�T onditions ofserpentinization in order to assess the magnetite origin in mantle roks and its in�uene on magnetiproperties.The magneti properties of serpentinised peridotite an be desribed in i) an ellipsoid of anisotropy ofmagneti suseptibility (AMS) like degree of anisotropy, ii) shape of AMS ellipsoid and iii) orientationof prinipal magneti suseptibility diretions. The variations of these parameters in ultrama� bodyenlosed in ontinental rust provide information about temperature, �uid in�ux and deformation ofmantle fragments and surrounding deep seated ontinental rust at late stages of orogenesis in general.In this work we studied anisotropy of magneti suseptibility of one of largest peridotite body ofEuropean Varisan belt that underwent omplex tetono-metamorphi history at high temperaturesand high to moderate pressures (Chapter 2). An attempt is made to understand magneti fabri fromthis highly serpentinized peridotite in order to haraterize �nal stages of mantle � rust interationsduring Carboniferous orogeny in the Bohemian Massif. We explore spei� links between the olivineand orthopyroxene mirofabri previously determined using eletron bak�sattered di�ration methodand AMS ellipsoid. In addition, we disuss the role of serpentinization degree and inrease of magnetiteproportion on the bulk magneti suseptibility, degree of anisotropy and orientation of magneti fabris.Finally, we provide a model of development of AMS fabri as a funtion of inreasing serpentinizationand dereasing bulk strength of peridotite during regional deformation.Geologial settingThe studied body of serpentinized Mohelno peridotite is enlosed within the Nám¥²´ granulite massif(NGM) loated in the Moldanubian Zone at the eastern margin of the Bohemian Massif (Fig. 1a).The Moldanubian Zone is the highest grade metamorphi unit of the Bohemian Massif interpretedas a deep part of the thikened orogeni root developed during Devonian to Carboniferous ontinen-104



Figure 1. Regional and geologial settings. (a) Sketh map of the eastern margin of the Bohemian Massif with high-grade Gföhland medium-grade Monotonous and Varied units (after Franke, 2000). At top: inset with position of the Bohemian Massif in theframework of the European Varisides (after Edel and Weber, 1995). (b) Geologial map of the surrounding area of the studiedMohelno peridotite (aording 1:50000 map sheet of the Czeh Geologial Survey).tal onvergene (Shulmann et al., 2009). Based on strutural position, lithologies and metamorphionditions the Moldanubian Zone has been subdivided into the medium-grade sequene of metased-imentary and gneissi orogeni middle rust and high-grade orogeni lower rust represented by theGföhl unit (Tollmann, 1982; O'Brien and Carswell, 1993). The orogeni lower rust was isothermallyexhumed from bottom of orogeni root (peak metamorphi onditions of 800�1000 °C and 1.6�2 GPa;O'Brien and Carswell, 1993; Taj£manová et al., 2006; Raek et al., 2008) to middle rustal levels(0.7�0.9 GPa at 800 °C; �típská et al., 2004; Raek et al., 2006) by vertial extrusion mehanism. Thisevent was followed by indentation of Brunia ontinental promontory (Shulmann et al., 2005) resultingin development of horizontal hannel �ow (Shulmann et al., 2008) assoiated with extensive meltingat 0.4�0.7 GPa and 700�600 °C (Hasalová et al., 2008; �típská et al., 2008).Numerous peridotite fragments reorded the omplex tetoni evolution of orogeni lower rust assuggested in Chapter 2 on the example of the Mohelno peridotite. This peridotite fragment forms largesale fold struture with thikness of ~1000 m of the northern limb dereasing to ~300 m of the south-ern one (Fig. 1b). Aording to previous studies (Medaris et al., 1990; Kamei et al., 2010; Chapter105



Figure 2. Typial serpentinization mirostrutures from the Mohelno peridotite body. (a) Mesh rim mirostruture of massiveserpentine devoid of opaque minerals with preserved oarse-grained harzburgite mirostruture (Ol � olivine, Opx � orthopyroxene,Spl - spinel). (b) Mesh rim mirostruture of massive serpentine with abundant opaque minerals around relis of olivine (Mag �magnetite, Serp - serpentine). () Mirostruture with high modal volume of massive serpentine organized in sub-parallel serpentinelayers onentrating bathes and lusters of the opaque minerals.2) the peridotite underwent omplex tetoni and metamorphi intramantle history, emplaement intolower orogeni rust and exhumation within granulite omplex to middle rustal levels. The Mohelnoperidotite shows the geohemial signature typial for an asthenospheri origin and preserves four su-essive mineral assemblages (Medaris et al., 1990). First assemblage ontains oarse-grained olivine,orthopyroxene, linopyroxene and spinel. The original spinel1 an be found also as inlusion in over-growing pyrop garnet. That is further breakdown to linopyroxene + spinel and amphibole + spinel(Stage IV) sympletites. Websterites to orthopyroxenites show porfyrolasti mirostruture with orig-inal oarse-grained orthopyroxene porphyrolasts surrounded by �ner grained polygonal orthopyroxenegrains and interstitial �ne-grained linopyroxenes. Weakly serpentinized websterite layers are rossutby polygonal network of fratures oriented normal to orthopyroxenite layers �lled by serpentine. Usingstandard geothermobarometry on the mineral assemblage of garnet peridotites the maximal onditionsof 2.3�2.8 GPa and temperature ~1200 °C (Medaris et al., 1990) or at 1.8-2.5 GPa at 1100-1250 °C(Kamei et al., 2010) were obtained while retrogression ourred at temperature ~850 °C and pressures1 to 1.5 GPa (Kamei et al., 2010).Four di�erent deformation fabris have been desribed within the Nám¥²´ granulite massif envelopingthe Mohelno peridotite body (Chapter 2). High-grade oarse-grained S1 granulite�faies fabri isrefolded by isolinal folds F2 leading to development of (ultra)myloniti granulite�faies S2 fabri. TheS2 foliation is generally following urved shape of the NGM and bears mineral lineation moderatelyplunging to the West. D3 event is related to large sale folding of peridotite sheet in mid-rustalonditions. The resulting S3 fabri is parallel to the S2 fabri in fold limbs, and it is haraterized by106



amphibolite�faies retrogression and partial melting. Finally, D4 deformation is reworking all earlierstrutures by subhorizontal shear zones of variable thikness, lose to isolinal folds and S4 migmatitifoliation whih is pervasively developed in the East.Strutural reord of the studied Mohelno peridotite omprise relis oarse-grained peridotite mi-rostruture and milimetres to several entimetres thik layeres of websterites to orthopyroxenitesreworked by pervasive deformation resulting in ubiquitous ultramyloniti fabri. The websterite bandsare presently onordant or oblique with respet to the prinipal myloniti fabri. The geometry of

Figure 3. Mirostrutural reord of the serpentinization stati nature. (a) Mirophotograph of the partly serpentinized peridotitemirostruture in plane-polarized light. (b) Mirophotograph of the same area in ross-polarized light, notie the similar olour ofseparated parts after individual olivine grain. () EBSD map of the olivine rystallographi axes orientation over the same areahighlighting similar orientation of rystallographi axes for separated parts of one individual olivine grain ([100℄-green, [010℄-blue,[001℄-red).the myloniti fabri is de�ned by study of lattie preferred orientation (LPO) of olivine and pyroxene(Chapter 2). This myloniti fabri is haraterized by a steep foliation that follows the folded shape ofthe peridotite body. Two di�erent types of olivine LPO pattern were distinguished and interpreted asfabri originated during emplaement into lower rust � axial(010) pattern and fabri developed duringfolding of peridotite in mid-rustal onditions � [100℄(0kl) pattern (Chapter 2).Degree of serpentinization, mirostruture and mineralogyDegree of serpentinization of the main peridotite rok an be dedued from the mineral modal analysisusing optial mirosope. An obvious weakness of this approah is the size of the thin-setions usedfor mineral ounting, whih are not usually representative of the volume of sample used for the mag-neti properties measurements (Ou� et al., 2002). The other approah is a density measurement of107



Table 1. Density and degree of serpentinizationSample Density S S*(Miller and Christensen,1997) (Ou� et al., 2002)[g/m³℄ D=3.300-0.785ÖS D=3.326-0.777ÖS1 2.372 1.182 1.2282 2.451 1.081 1.1263 2.583 0.913 0.9564 2.607 0.882 0.9255 2.644 0.836 0.8786 2.656 0.820 0.8627 2.671 0.802 0.8438 2.683 0.786 0.8289 2.711 0.750 0.79210 2.691 0.775 0.81711 2.708 0.754 0.79512 2.718 0.741 0.78213 2.800 0.637 0.67714 2.842 0.583 0.622*(for 80% Fo90 and 20% En90)serpentinite samples to infer indiretly the degree of serpentinization (Christensen, 1978) based on thesubstantial di�erene between densities of unaltered peridotite forming minerals olivine (~3.337 g/m3for olivine Fo90) and orthopyroxenes (~3.285 g/m3 for enstatite) and the lower density of serpentine(~2.550 g/m3). Volume inrease assoiated with serpentinization is reported widely from serpentinizedperidotites. Therefore, to ahieve balaned reation in sense of volume hanges, signi�ant amount ofboth MgO and SiO2 (35 wt. % of original amount of SiO2) has to be removed from the ultrama�system during leahing by �uids rih in MgO and SiO2 (Toft, 1990; O'Hanley, 1992).Density measurements performed in studied samples vary beetween 2.372-2.842 g/m3 whih wasrealulated to yield degree of serpentinization (Miller and Christensen, 1997) in the range between58% to 118%. (Tab. 1 Density and Degree of serpentinization). Degree of serpentinization estimatedfrom the same density measurements using formula of Ou� et al. (2002) for hypothetial harzburgitewith omposition of 80% olivine (Fo90) and 20% enstatite give similar range between 62% to 123%.Values of the degree of serpentinization higher than 100% are aused most likely by signi�ant ontentof opal with onsiderably lower density (1.9-2.3 g/m3).Three main types of serpentinization mirostrutures were distinguished in studied samples (Fig. 2).The �rst type ours oasionally in oarse-grained harzburgite (LN40) and shows a mesh of mas-sive serpentine devoid of opaque minerals rimming remnants of olivines (Fig. 2a) and ross-ut byrandomly interseting fratures. The seond type shows mesh of massive serpentine with abundant108



opaque minerals around relis of olivine rim mirostruture (Fig. 2b). Serpentine also often produesbastite (pseudomorphoses after orthopyroxene) re�eting the original pyroxene mineral leavage. Thethird type of serpentine mirostruture shows high modal volume of massive serpentine forming sub-parallel serpentine layers (Fig. 2). Suh serpentine rih layers are mostly devoid of relis of originalminerals and are assoiated with irregular aggregates of opaque minerals. In ontrast, layers withoriginal mineral relis and lower amount of serpentine are oloured by iron oxide pigments. Despite

Figure 4. X-Ray Di�ration spetrum for spinel (WKGCH10) and garnet (WKGCH4) bearing serpentinized peridotite from theMohelno peridotite body (liz - lizardite, ol � olivine, opx � enstatite, px - amite, mt � magnetite, grt � garnet).generally intense serpentinization, dismembered parts of single individual olivine grains exhibit origi-nal orientation as shown by EBSD mapping of lattie preferred orientation (Fig. 3). Serpentinizationmirostrutures with �brous serpentine variety harateristi for (high) deformation-enhaned origin(Wiks and Whittaker, 1977) were not observed in this study indiating low degree or absene ofsyn-serpentinisation massive deformation.The X-ray di�ration (XRD) analyses were performed on samples of serpentinized spinel- and garnet-109



bearing peridotites. The XRD spetrum of serpentinized peridotite was obtained with a RX BrükerD5000 di�ratometer (LHyGeS EOST, University of Strasbourg) using Cu radiation and NaI sin-tillation detetor in air. In both samples the presene of serpentine mineral, olivine, orthopyroxene,linopyroxene and magnetite was on�rmed. For both samples lizardite is the most ommon serpentinemineral. Also XRD spetrum on�rmed presene of garnet in sample WKGCH4 (Fig. 4).
P-T onditions and tetoni setting of Mohelno peridotiteserpentinizationThe Mohelno peridotite body underwent multistage tetoni and deformational history (Chapter 2).It was shown that �nal tetoni history of Mohleno peridotite is assoiated with hannel �ow andprogressive melt in�ltration (with approximately 8 wt. % H2O and 71 wt. % SiO2) at onditionsfrom 740 °C and 0.65 GPa to 660 °C and 0.35 GPa (Hasalová et al., 2008b). It is the pervasive melt�ow, whih keeps elevated temperatures in partialy molten mid-rustal hannel and thus also in theembedded granulite massif, failitating granulite retrogression in sub-horizontal S4 fabri (Chapter 2).Pressure-temperature onditions in the granulite surrounding studied peridotite body in the ativemid-rustal hannel are above the serpentinization isograde (antigorite isograde, O'Hanley and Wiks,1995; Hyndman and Peaok, 2003) and at this stage the strong ultrama� peridotite did not undergoany serpentinization. Hasalová et al. (2008b) have shown that the last melt fration in the mid-rustal migmatite is reorded at 660 °C and 0.35 GPa by the melt with approximately 8 wt. %H2O and 71 wt. % SiO2. Final ooling of the mid-rustal hannel is responsible for rossing thesolidus line of the graniti system and rystallization of the melt whih aused instantaneous releaseof the large volume of �uid (H2O ± aq. SiO2). We suggest that at this stage the �rst antigoritewas formed at temperature ~550 °C via reation forsterite + tal + H2O � antigorite and further at~430 °C via reation forsterite + H2O � antigorite + bruite (Hyndman and Peaok, 2003). Hene,it is proposed that large quantity of hydrous �uid released from rystallizing melt within mid-rustalhannel is responsible for the serpentinization of the studied peridotite body. Further derease of thetemperature to around 250 °C lead to olivine serpentinization via lizardite (and/or hrysotile) and/orrerystallization of antigorite to lizardite (O'Hanley and Wiks, 1995).110



Magneti properties of the serpentinite
MethodologyOriented blok samples were olleted at 40 loalities overing all outrops of the serpentinized peri-dotite body. Oriented bloks were ut to oriented ubes (8-18 per loality) with a side of 20mm.The anisotropy of magneti suseptibity (AMS) was measured with the KLY-3S Kappabridge in theAGICO In. (Brno, CZE) and KLY-4S Kappabridge (Jelínek and Pokorný, 1997) in the Institute ofGeophysis in Prague. Data were statistially proessed using the ANISOFT software (Jelínek andKropá£ek, 1978; Hrouda and Hru²ková, 1990; www.agio.om). The AMS data are haraterised byparameters for the mean bulk suseptibility (Km), degree of anisotropy (P) and shape (T ) of the AMSellipsoid and by orientation of the magneti foliation and lineation. The Km, P and T parameters arespeify as Km=(K1+K2+K3)/3; P=K1/K3; T=2ln(K2/K3)/ln(K1/K3)-1, where K1 ≥ K2 ≥ K3 arethe prinipal suseptibilities (Nagata, 1961; Jelinek, 1981; Hrouda, 2010). The orientation of magnetifoliations and lineations are presented in equal area stereographi projetion on lower hemisphere oras orresponding symbol for given loality on a map.To assess the relative ontributions of partiular minerals to the rok suseptibility, the methodsof the Maximum Theoretial Paramagneti Suseptibility (MTPS) and the suseptibility variationwith temperature were used. The �rst method alulates the MTPS from the Fe and Mn ontentdetermined from the whole-rok hemial analyses (Aydin et al., 2007; Hrouda, 2010). Dominantin�uene of the paramagneti minerals on the rok suseptibility an be onsidered, when the measuredrok suseptibility is equivalent to alulated MTPS. For rok suseptibilities higher than alulatedMTPS, some Fe and/or Mn is presumably restrained in more suseptible ferromagneti minerals. Theseond method uses harateristi features of the suseptibility vs. temperature urves. 20 oarselypowdered sample speimens were investigated in temperature intervals of -194 °C to 0 °C and 25 °C to700 °C, using the CS-L and CS-3 Apparatuses respetively (Parma and Zapletal, 1991) with KLY-3S.Measured data were proessed with SUFTE, SUFTEL and CUREVAL software (www.agio.om). Thedensity measurements were onduted using mirobalane and a pytometer for measuring the samplevolume. 111



Figure 5. Histogram of bulk suseptibility values in the serpentinized peridotite with proposed separation into individual groups(Group I-III) based on mean bulk suseptibility. MTPS (vertial line) � Maximum Theoretial Paramagneti Suseptibility,alulated from the atual whole-rok analyses (Chapter 2). MTPS (horizontal line) � distribution of various MTPS values forommon peridotite omposition (Hrouda, 2010).1.2 Bulk magneti suseptibility and mineralogyThe bulk suseptibility of the Mohelno serpentinite ranges from 7Ö10-4 to 4Ö10-2 [SI℄ (Fig. 5, Tab.2). The speimens an be divided into three groups based on their mean bulk suseptibility. Group Ishows suseptibilities lower than 2Ö10-3 [SI℄ and are further desribed as weakly magneti speimenswhih orrespond to weakly serpentinised mirostruture type desribed above. The speimens withthe bulk suseptibility between 2Ö10-3 and 1Ö10-2 [SI℄ were inluded in Group II and are referred asmoderately magneti speimens and orrespond to seond type of serpentinite mirostruture. TheGroup III speimens with the bulk suseptibility higher than 1Ö10-2 [SI℄ are denoted as stronglymagneti speimens re�eting third type of serpentinite mirostruture. The maximum theoretialparamagneti suseptibility (MTPS) has been alulated from the ontents of Fe and Mn in whole-112



Figure 6. (a) The bulk suseptibility variations for temperatures between -194 °C to 0 °C normalised to bulk suseptibility attemperature 0 °C. (b) the bulk suseptibility variations in temperature interval 25 °C to 700 °C (red � heating urves, blue �ooling urves) are shown. Both subdatasets are divided in four ategories aording to the shape of the thermomagneti urve tofailitate the data presentation, for detail division see the text.rok analyses published by Medaris et al., (1990) aording to Zapletal (1985) Eq.3 in Hrouda (2010)and results show values between 4.7Ö10-4 to 5Ö10-4 [SI℄ (Fig. 5). 113



Table 2. Magneti Suseptibility and AMS dafa for the Mohelno peridotiteGroup Name N Km Normed prinipal Anisotropy AMS prinipalsuseptibilities parameters diretions[1000ÖSI℄ K1 K2 K3 Pj T F L K1 K2 K3average de in de in de in

High Km
WK90B 9 37.2 1.083 1.018 0.899 1.221 0.255 1.137 1.067 190 6 282 20 84 69WK90 9 31.5 1.069 1.008 0.923 1.166 0.128 1.095 1.062 203 20 314 45 97 38LN61 10 26.9 1.035 1.022 0.943 1.107 0.672 1.082 1.016 35 47 278 23 171 34WK141 12 24.6 1.027 1.022 0.951 1.092 0.740 1.073 1.011 272 2 180 48 4 42WK123 9 22.7 1.070 1.046 0.884 1.240 0.787 1.189 1.022 130 71 307 19 37 1LN56 11 21.9 1.067 1.027 0.906 1.188 0.517 1.133 1.040 271 48 9 7 105 41WK135 12 20.2 1.064 1.006 0.930 1.146 0.164 1.082 1.058 308 57 111 32 206 8LN95B 10 17.1 1.069 1.049 0.882 1.240 0.745 1.189 1.025 305 64 204 5 112 25WK142 10 16.1 1.070 1.006 0.924 1.161 0.161 1.091 1.063 196 7 94 59 290 30LN75 10 15.4 1.064 0.997 0.939 1.142 -0.046 1.064 1.073 255 46 58 43 156 9LN50 10 15.0 1.079 0.996 0.925 1.227 0.336 1.150 1.058 241 55 132 13 34 32LN31 11 13.2 1.044 1.017 0.939 1.119 0.482 1.083 1.028 81 21 343 20 214 60WK55 10 12.8 1.026 1.004 0.970 1.060 0.199 1.036 1.022 248 45 345 8 83 44WK108 17 12.5 1.046 1.000 0.954 1.097 0.027 1.049 1.046 344 71 75 0 165 19WK76 12 11.5 1.052 0.994 0.954 1.104 -0.160 1.042 1.059 334 41 210 32 97 32LN37 10 11.3 1.060 1.014 0.926 1.156 0.346 1.100 1.048 264 54 8 10 105 34WK132 10 10.6 1.076 0.978 0.946 1.154 -0.303 1.051 1.095 214 26 121 5 20 64LN160 10 10.3 1.102 1.062 0.837 1.356 0.739 1.276 1.037 259 47 24 28 131 30LN156 8 10.1 1.061 1.020 0.919 1.167 0.440 1.114 1.041 276 52 17 8 113 37
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Table 2 (ontinue). Magneti Suseptibility and AMS dafa for the Mohelno peridotiteGroup Name N Km Normed prinipal Anisotropy AMS prinipalsuseptibilities parameters diretions[1000ÖSI℄ K1 K2 K3 Pj T F L K1 K2 K3average de in de in de in

Medium Km
LN26 10 8.53 1.116 1.087 0.798 1.455 0.843 1.364 1.027 301 48 156 37 52 18WK75 11 8.40 1.046 0.991 0.963 1.089 -0.316 1.029 1.056 296 31 62 45 186 29LN10 12 8.33 1.079 1.051 0.870 1.273 0.742 1.212 1.029 267 25 43 56 167 21LN33A 10 7.37 1.076 1.028 0.896 1.213 0.506 1.150 1.046 170 7 286 75 78 14WK133 12 7.01 1.063 1.005 0.932 1.149 0.196 1.087 1.056 204 4 295 15 101 74WK134 14 6.37 1.063 1.020 0.918 1.164 0.429 1.111 1.043 183 48 315 31 61 26WK66 12 5.96 1.114 1.019 0.866 1.293 0.282 1.177 1.094 287 53 168 20 66 30WK175B 12 5.80 1.036 1.031 0.933 1.134 0.755 1.107 1.014 188 11 284 29 79 59WK175A 12 5.20 1.061 1.035 0.904 1.198 0.654 1.152 1.026 269 33 359 1 91 57WK105 18 4.36 1.069 0.990 0.942 1.142 -0.166 1.055 1.080 342 8 102 74 250 14WK77 9 4.06 1.073 1.049 0.878 1.248 0.756 1.195 1.025 266 5 357 14 157 76LN64 10 3.63 1.050 1.023 0.926 1.143 0.586 1.105 1.027 314 39 48 5 144 50WK129 10 3.49 1.086 1.026 0.888 1.233 0.434 1.157 1.058 304 62 193 11 98 26WK128 15 3.17 1.061 1.016 0.923 1.155 0.371 1.101 1.045 188 43 324 37 73 24WK60 12 2.16 1.030 1.012 0.958 1.079 0.501 1.057 1.018 312 15 208 41 57 45Low Km WK61 12 1.11 1.020 1.002 0.978 1.060 0.086 1.040 1.015 321 27 201 44 71 33LN40 8 0.86 1.030 1.002 0.969 1.065 0.092 1.035 1.028 5 20 247 53 107 30WK169A 12 0.82 1.033 1.011 0.956 1.093 0.353 1.063 1.026 179 23 319 61 82 17WK63N 12 0.82 1.028 1.006 0.965 1.081 0.057 1.050 1.026 45 22 273 59 144 21WK170A 13 0.79 1.028 1.005 0.966 1.080 0.082 1.049 1.025 46 20 274 61 144 20
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Figure 7. Three di�erent AMS patterns from the Mohelno serpentinized peridotite aording shape of magneti ellipsoid, degree ofanisotropy and orientation of suseptibility diretions. For eah pattern (in eah olumn) from top to the bottom: (1) Orientation ofprinipal suseptibility axes, equal-area projetion on lower hemisphere. (2) T vs. Km plot - relationship between shape parameterof the magneti fabri and bulk suseptibility (shape parameter shows average and median value). (3) T vs. Pj plot - relationshipbetween shape parameter of the magneti fabri and degree of AMS (both shape parameter and degree of AMS show average andmedian value).Analyses of thermomagneti urves reveal that magnetite is probably present in all samples. In theGroup III strongly magneti speimens (Ln61, Ln75, Ln160) at low temperature urves indiate thewell developed Verwey transition between -150 °C and -160 °C (Fig. 6a.a) and the heating urvesshow the distint Curie temperature of magnetite (Fig. 6b.a). Clear Verwey transition is typial foroarse-grained pure magnetite, broadening and dissipation (Fig. 6a.b) is aused by grain size redutionand Fe substitution in magnetite (Kontny et al., 2004). Samples Ln50, Ln37, Ln61, Ln64, Ln95 fromFig. 6b.b show Curie temperatures (TC) in range of 583 °C to 608 °C (during heating sequene) and572 °C and 597 °C (during ooling sequene). Slightly higher TC show in�uene of magnetite (in partlyoxidated state) and/or maghemite (harateristi Curie temperature of maghemite is loated in the116



Figure 8. Left olumn: Spatial distribution of magneti fabri (Km bulk suseptibility, Pj degree of AMS, T shape parameter)within the Mohelno peridotite body. Right olumn: Complet magneti fabri data from the Mohelno peridotite body. T vs. Kmplot - relationship between shape parameter of the magneti fabri and bulk suseptibility (shape parameter shows average andmedian value). (3) P vs. Km plot - relationship between degree of AMS and bulk suseptibility (degree of AMS shows average andmedian value). (4) T vs. Pj plot - relationship between shape parameter of the magneti fabri and degree of AMS (both shapeparameter and degree of AMS show average and median value).interval 590 °C and 675 °C, Dunlop and Özdemir, 1997). In most samples (Ln50, Ln37, Ln61, Ln64,Ln95) also low-temperature (unstable) maghemite is determined by broader peak from around 300°C to 450 °C. At temperatures above TC maghemite is disintegrated, oxidized magnetite is reduedand ooling urves show mostly only pure magnetite. Besides the magnetite and maghemite otherferromagneti minerals appear in several samples. Distint peaks at -150 °C to -140 °C ould be ausedby a none�spei�ed member of the magnetite�hromite or magnetite�spinel solid solutions (Kontny117



Figure 9. Overview of magneti fabri data for Group I samples. Top left : Spatial distribution of magneti foliation and lineationwithin the Mohelno peridotite body. Top right: T vs. Pj plot - relationship between shape parameter of the magneti fabri anddegree of AMS (both shape parameter and degree of AMS show average and median value). Bottom left : Orientation of prinipalsuseptibility axes, equal-area projetion on lower hemisphere. Bottom right: Orientation of magneti foliation and lineation (L)with distinguished di�erent AMS types with added orientation of megafold β-axis de�ned in Chapter 2, equal-area projetion onlower hemisphere.et al., 2004). Several peaks in sample Ln26 (Fig. 6b.) at 450 °C to 500 °C show presene of similarspineloid only with higher ontent of the magnetite omponent. Only two samples from Group I withthe lowest suseptibility (LN40) show in�uene of paramagneti minerals below 0 °C interval (Fig.6a.d). On the other hand, the heating urves for these samples showed in�uene of ferromagnetimagnetite as well and during ooling a suseptibility inreases (Fig. 6b.d).Whole-rok AMS magneti fabriThe AMS patterns from the Mohelno serpentinite an be divided in three main types aording toshape of magneti ellipsoid, degree of anisotropy and the relative orientation of the prinipal axes118



Figure 10. Overview of magneti fabri data for Group II samples. Top left: Spatial distribution of magneti foliation and lineationwithin the Mohelno peridotite body. Top right: T vs. P plot - relationship between shape parameter of the magneti fabri anddegree of AMS (both shape parameter and degree of AMS show average and median value). Bottom left: Orientation of prinipalsuseptibility axes, equal-area projetion on lower hemisphere. Bottom right: Orientation of magneti foliation and lineation withdistinguished di�erent AMS types with added orientation of megafold β-axis de�ned in Chapter 2, equal-area projetion on lowerhemisphere.of AMS ellipsoid (Fig. 7). The Type I fabri is haraterized by lustered K1 diretions, girdle distri-bution of K2 and K3 diretions, prolate to neutral shape of AMS ellipsoid and low degree of magnetianisotropy . The most ommon Type II fabri pattern is marked by lustered K1, K2, K3 diretions,plane strain to oblate fabris and generally high degree of suseptibility (for suh AMS pattern bothmagneti lineation and foliation are well onstrained). The Type III fabri reveals lustered K3 dire-tions, girdle distribution of K1 and K2 diretions, mainly oblate shapes of AMS and intermediate tohigh degree of magneti anisotropy.Spatial distribution of di�erent parameters of AMS (Km, T, P ; Fig. 8) shows weak pattern of 119



Figure 11. Overview of magneti fabri data for Group III samples. Top left: Spatial distribution of magneti foliation andlineation within the Mohelno peridotite body. Top right: T vs. Pj plot - relationship between shape parameter of the magnetifabri and degree of AMS. Data for two di�erent AMS fabris within samples from Group III are highlighted by olour oding. Alsoshape parameter and degree of AMS show both average and median value. Bottom left: Orientation of prinipal suseptibility axes,equal-area projetion on lower hemisphere. Two distinguished AMS fabris are highlighted with di�erent olour oding. Bottomright: Orientation of magneti foliation and lineation with distinguished di�erent AMS patterns with added orientation of megafold
β-axis from Chapter 2, equal-area projetion on lower hemisphere.magneti fabri. Nevertheless, the ore of peridotite body is marked by lower degree of AMS andprolate shape of magneti ellipsoid. High intensity of anisotropy of magneti suseptibility and oblateshape of magneti ellipsoid are frequent around the margin of the peridotite body.Samples of low suseptibility Group I (Fig. 9) are loated only in the ore of the northern limbof the Mohelno peridotite body and belong to linear AMS fabris Type I and II. These samples areharaterized by low degree of AMS and neutral to oblate shape of AMS ellipsoid. K1 diretions aresub-horizontal and K3 diretions are distributed along a great irle, whih pole oinides with theperidotite megafold hinge (β-axis of Sander, 1930). Samples from suseptibility Group II (Fig. 10) are120



distributed along whole peridotite body belonging dominantly to Type II AMS fabri and rarely tooblate Type III AMS fabri pattern. Here, the degree of AMS is slightly higher ompared to Group Iand shape of AMS ellipsoid varies from slightly prolate to highly oblate. Patterns of K1 diretions andK3 diretions are sattered with maximal density of K1 lose to megafold axis. Mean suseptibilityGroup III samples (Fig. 11) are dispersed throughout the peridotite body represented dominantlyby Type II and also by Type III AMS patterns. Samples show similar degree of AMS to GroupII samples and shape of AMS ellipsoid ranges from slightly prolate to highly oblate. We reognizetwo main orientation of AMS ellipsoids: 1) SW trending K1 diretions and orresponding to NW�SEtrending steep girdle of K 2 , K3 diretions assoiated with mainly plane strain to prolate ellipsoids.2) K1 diretion lustered lose to megafold axis and the K3 diretions forming wide luster plungingat medium angles to the East. Some Type III magneti fabris are also present but their magnetilineations and foliations exhibit any obvious preferred orientation.Model of serpentinization and magneti suseptibilityTwo step reation model of serpentinisationVariable values of the bulk suseptibility from the Mohelno serpentinite (Fig. 5), ranging from 7x10-4to 4x10-2 [SI℄ and density measurements varying between 2.372�2.842 g/m3 (Tab. 2) were omparedto the other studies (Fig. 13) dealing with the relation between bulk magneti suseptibility andgrain density (Ou� et al., 2002; Bah et al., 2006). Suh omparison together with mirostruturaland textural observations an be used to infer the sequene of serpentinization reations in the studiedserpentinite. For example the ODP 920 data from Ou� et al. (2002) shows onordane with single-stepreation model of olivine (Fo90) and water to Mg-serpentinite, Mg-bruite, magnetite and hydrogen(Toft et al. 1990;), whih is one of possible senarios for the oeani serpentinization (Evans, 2010). Ourdata, similarly to those of Bah et al. (2006), follow the trend of a two-step serpentinization sequene,whih is another possible model for the harzburgite serpentinization. The �rst step is represented by anisohemial reation of olivine (Mg#90) to serpentine (Mg#95) and Fe-rih bruite (Mg#75), whih isnot produing any magnetite (Type I mirostruture). The seond step is a reation of Fe-rih bruitewith aqueous silia to form serpentine and magnetite (Types II and III serpentinite mirostrutures).Breakdown of orthopyroxene to serpentine is a possible soure of the aqueous silia in this senario(Bah et al., 2006). 121



Figure 12. Pressure-temperature diagram showing ompliated history of the Mohelno peridotite body (after Chapter 2). Con-dition in middle rust after Hasalová et al. (2008a). Antigorite isogrades are from (a)-(e) Hyndman and Peaok, 2003, (f)-(g)Chernak and Hirth, 2010.A lak or low prodution of magnetite during the early phase of serpentinization was also proposedby Evans (2010). Slow growth of antigorite at the expense of olivine at higher temperatures (as high as500�600 °C) produes little to no magnetite due to slow Fe-Mg di�usion in olivine. This senario hasbeen disarded for the Mohelno peridotite body, beause the reported olivine omposition (Mg# 90,Kamei et al. 2010), similar to the olivine omposition of the other peridotite bodies in the BohemianMassif (Shmädike et al., 2010) does not reah values of the Fe-enrihed olivines Mg# 0.84-0.88reported by Evans (2010).Serpentinization sequene inferred from the relation between the bulk magneti suseptibility andgrain density is onordant with the proposed serpentinization along the P�T path of the peridotitebody and mirostrutural observations. In the least serpentinized samples (Fig. 2a) loally preservedmesh rim mirostruture of massive serpentine devoid of opaque minerals an be explained by hightemperature (under 650 °C) isohemial reation of olivine to antigorite and Fe-rih bruite produingno magnetite. Water neessary for the serpentinization of the peridotite might have been expelledfrom the melt draining through simultaneously retrogressed granulite. The seond step of serpen-tinization is reorded in the mesh rim mirostruture of massive serpentine with abundant opaqueminerals surrounding relis of olivine (Fig. 2b) and bastites. This mirostruture may originate viareation of Fe-rih bruite with silia to serpentine and magnetite, whih orresponds to the seondstep of the two-step sequene reported by other authors. The soure of the aqueous silia ould be122



Figure 13. Relation between bulk magneti suseptibility and grain density for Mohelno peridotite samples after Bah et al.(2006). Triangle represents a typial fresh peridotite, having similar bulk suseptibility as alulated MTPS for Mohelno peridotite.Line (1) represents two-step serpentinization model. Line (2) is alulated for a single-step serpentinization reation. See Bah etal. (2006); Toft et al. (1990) for more detailed explanation.internal and result from the breakdown of orthopyroxene to serpentine or external resulting from the�uid penetrating along retrograded and hydrated shear zones ross-utting the surrounding granulite.Antigorite rerystallizes with dereasing temperature to form lizardite, whih is presently the mostabundant serpentine mineral aording the XRD spetrum. In addition, further rerystallization oflizardite to hrysotile produes more magnetite, as lizardite an inorporate more iron in its struturethan hrysotile (O'Hanley and Dyar, 1993; O'Hanley and Dyar, 1998). These hanges during late ser-pentinization an be reorded in the third broadly represented mirostruture with high modal volumeof massive serpentine organized in sub-parallel serpentine layers (Fig. 2) rih in bathes and lustersof opaque minerals.In onlusion, this progressive serpentinization sequene would result in presene of only param-agneti minerals until the degree of serpentinization reahes ~50%. Exponential inrease of the bulkmagneti suseptibility starts with deomposition of the Fe-rih bruite by aqueous silia forming fer-romagneti magnetite. Further growth of magnetite is possible also due to rerystallization between123



di�erent serpentine polymorphs.Crystallographi relations in serpentinized peridotiteIn order to understand the magneti fabri of the Mohelno peridotite body, data dealing with orrelationbetween rystallographi axes and axes of anisotropy of magneti suseptibility ellipsoid were olletedfrom the literature (Borradaile and Lagroix, 2001; Ferré et al., 2005; Boudier et al., 2009) for di�erentultrama� minerals (Fig. 14.a). Ferré et al. (2005) desribed the orientation and shape of the AMSellipsoid within Fo98 olivine rystal. In his model, the prinipal suseptibilities K1, K2 and K3 arerespetively 1.205, 0.908 and 0.887 and are oriented as follows: K1 is parallel to [100℄ol axis, K2 to[010℄ol and K3 to [001℄ol. From site average tensor parameters the average bulk suseptibility Km = 1135± 770 [µSI℄ was alulated. Similarly, desription of the AMS ellipsoid with respet to rystallographiorientation for orthopyroxene and serpentine (lizardite) was used aording to Borradaile and Lagroix(2001). For orthopyroxene the prinipal suseptibilities K1, K2 and K3 are respetively 1.445, 0.932and 0.733 and are oriented as follows: K1 is parallel to [001℄opx axis, and K2 and K3 are both parallelto (hk0)opx plane. The serpentine AMS ellipsoid axes are more sattered, but the orientation patternan be desribed as: K3 is parallel to [001℄atg axis, K1 is parallel to (hk0)atg plane and K2 is parallel to(0kl)atg plane. The bulk suseptibility of the orthopyroxene and serpentine Km are 4209 ± 945 [µSI℄and 8734 ± 4849 [µSI℄, respetively. In all ases, the bulk suseptibility exeeds the one expeted forthe siliate lattie (< 1000 [µSI℄), revealing the presene of iron oxide inlusions. Nevertheless, thesiliate lattie retains some rystallographi ontrol on the orientation of the prinipal suseptibilities(Borradaile and Lagroix, 2001).Two di�erent olivine LPO patterns in the Mohelno peridotite have been desribed: the [100℄(0kl)pattern and the axial[010℄ pattern (Chapter 2), and supported by the most ommon orthopyroxeneLPO pattern [001℄(100) aligned with the orientation of the olivine LPO lineation (olivine rystal axis[100℄) and foliation (olivine rystal plane (010)). Suh observations an be used as the general frame-work for further onsideration of the relationships between rystallographi patterns and AMS in theserpentinized peridotite. Unfortunately, the eletron bak-sattered di�ration (EBSD) measurementof the serpentine LPO is very ompliated, beause of serpentine strong tendeny to amorphizationduring preparation and polishing (Van De Moortèle et al., 2010). Therefore, in order to onsiderrystallographi orientation of the serpentine, we adopted the topotati relationships between olivineand antigorite of Boudier and Mainprie (2009), who reported a preferred orientation of the serpen-124



Figure 14. (a) Relation between rystallographi pole axes and anisotropy of magneti suseptibility ellipsoid axes, together withvalues of K1, K2 and K3 and bulk suseptibility for olivine (Ferré et al., 2005), orthopyroxene and serpentine (Borradaile andLagroix, 2001) (b) Topotati relationship between olivine and antigorite from rare antigorite shist (Boudier and Mainprie, 2009).tine aggregate inherited from the olivine peridotite preferred orientation in serpentinized peridotite.These authors have shown that despite strong shear deformational history in the supra-subdution zonemantle wedge the topography of the olivine-serpentine interfaes is primarily ontrolled by �uid path-ways along miroraks oriented in aordane with the orientation of olivine aggregate. Two di�erenttopotati relationships between olivine and antigorite were desribed (Fig. 14b): [100℄atg//[010℄oland [010℄atg//[001℄ol with plane in ontat (001)atg//(100)ol (further alled serpentine main relation-ship) and [100℄atg//[100℄ol and [001℄atg//[010℄ol with plane in ontat (010)atg//(001)ol (further alledserpentine seondary relationship).All these data about the AMS of ultrama� minerals, LPO patterns of olivine and orthopyroxene inperidotite and topotati relationships between olivine and serpentine, allow us to onstrut and explorea simple model of the magneti fabri in the serpentinized peridotite. The main goal of this model is toemphasize some interesting features of the magneti fabri aused only by topotati relationships ofthe paramagneti ultrama� minerals. Several simpli�ations and adjustments of the experimentallymeasured data were neessary. Firstly we assigned individual AMS ellipsoid axes to the only one best�tting rystallographi axis in the orthopyroxene and serpentine rystals. For the orthopyroxene we125



Figure 15. Simple model of the magneti fabri in the serpentinized peridotite. (a) Model for peridotite with fabri governed byolivine [100℄(0kl) slip system. Top � topotati relationships between rystallographi axes of the rok-forming minerals. Middle �diagram displaying modelled bulk suseptibility (Km) vs. deegre of anisotropy (Pj) for various mineral and modal omposition ofserpentinized peridotite. Di�erent mineral assemblages for the modelled rok are used ( blue - olivine + orthopyroxene, yellow -olivine + serpentine growing in main topotati orientation, red - olivine + serpentine growing in both topotati orientations andgreen - olivine + orthopyroxene + serpentine growing in main topotati orientation) varying also the modal omposition of theassemblage. Bottom � the orientation of the modelled AMS ellipsoid with respet to the governing olivine slip system. (b) Modelfor peridotite with fabri dominated by olivine axial(010) slip system.used K1 parallel to [001℄opx axis, K2 parallel to [010℄opx axis and K3 parallel to [100℄opx axis (Lagroixand Borradaile, 2000). For the serpentine we assigned the less important K1 and K2 axes of the oblateAMS ellipsoid as follows: K1 parallel to [100℄ axis and K2 parallel to [010℄ axis, based on the frequenyof the measured data (Borradaile and Lagroix, 2001).Another simpli�ation was replaement of the real sample LPO pattern with its ideal "single rys-tal" representation. In suh representation the sample with the [100℄(0kl) LPO pattern has all [100℄rystallographi axes lustered into single point, while [010℄ and [001℄ axes are uniformly distributedalong girdle perpendiular to the [100℄. Correlation between the olivine and orthopyroxene LPO126



patterns allows to reate similar representation also for the orthopyroxene. Finally, based on thetopotati relationships between olivine and antigorite, the same estimation an be done for both typeof their topotati ontat (Fig. 15). Last adaptation in the model of the magneti fabri is usingolivine-antigorite topotati relationship and paramagneti properties of the lizardite beause of lak ofmagneti data for antigorite. As shown above, we propose that most of the serpentinization took plaeat HT ondition and that antigorite was the primary serpentine mineral, whih was during oolingstatially pseudomorphosed by lizardite. This neessary adjustment represent the atual situation inthe studied serpentinite.The resulting AMS fabri is alulated by summing the AMS ellipsoids and Km for individual phases(olivine, orthopyroxene, main serpentine and seondary serpentine) weighted by the volume proportionof the individual phase. Magneti fabri parameters were explored for both olivine LPO patterns andfor four di�erent mineral ompositions. Eah explored omposition then ontinuously varied in modalomposition: (1) mineral omposition of olivine and orthopyroxene goes from 100 % olivine + 0 %orthopyroxene to 0 % olivine + 100 % orthopyroxene; (2) similarly for olivine and serpentine in maintopotati orientation, the omposition goes from 100 % olivine + 0 % main serpentine to 0 % olivine+ 100 % main serpentine; (3) from 100 % olivine + 0 % main serpentine + 0 % seondary serpentineto 0 % olivine + 50 % main serpentine + 50 % seondary serpentine and (4) from 80 % olivine + 20 %orthopyroxene + 0 % main serpentine + 0 % seondary serpentine to 0 % olivine + 20 % orthopyroxene+ 40 % main serpentine + 40 % seondary serpentine.Modelled magneti fabri demonstrate the in�uene of the olivine LPO pattern on the shape anddegree of anisotropy of the AMS ellipsoid (Fig. 15). For example, the [100℄(0kl) LPO pattern, prolateAMS ellipsoid with omposition 80% olivine, 20% orthopyroxene, no serpentine and Pj = 1.27 due togrowth of serpentine in both orientations ends with the degree of anisotopy Pj = 1.02. On the otherhand, for the axial[010℄ pattern and the same omposition, the parial "phase" AMS ellipsoids havedi�erent orientation leading to �nal oblate shape of the AMS ellipsoid and signi�antly higher degreeof anisotropy values both at initial and �nal omposition (Pjiniial = 1.44 to Pj�nal = 1.11 ).The other impliation of this approah is the orientation of bulk AMS ellipsoid (Fig. 15a). For givenorientation of olivine rystallographi axes resulting from ativity of [100℄(0kl) slip system followingorientations of AMS ellipsoid are possible: 1) olivine + opx assemblage of ideal harzburgite yieldsoblate ellipsoid with K3 parallel to [100℄ diretion of olivine and K1, K2 form girdle in (100) for > 95 %olivine (dunite) or prolate ellipsoid with K1 parallel [100℄ and K2, K3 form girdle in (100) for < 95 %127



Figure 16. Idealized sketh of the peridotite/serpentinite mirostruture illustrating topotati relationships between olivineand serpentine leading to regular distribution of magnetite in the serpentinized peridotite. (a) for slip system [100℄(0kl), (b) foraxial(010) slip system.olivine (harzburgite). Olivine + antigorite parallel to two topotati orientations and olivine+antigoriteparallel to the main topotati orientation yield the same orientation of oblate AMS ellipsoid as theformer dunite model. The di�erene is only in degree of anisotropy, whih is signi�antly higher forolivine +antigorite in main topotati orientation ompared to antigorite growing along two orthogonalolivine planes. Finally, assemblage olivine + opx + antigorite in two topotati orientations produesprolate AMS ellipsoid with K1 diretion parallel to [100℄ olivine rystallographi diretion and K3, K2diretions oiniding with (100) plane.For orientation of olivine rystallographi axes resulting from axial [010℄ slip system the orientation ofAMS ellipsoid is as follows: Olivine + opx assemblage exhibits oblate AMS ellipsoid with K3 diretionparallel to [010℄ diretion of olivine and K1, K2 form girdle in (010) plane. The same orientations ofoblate AMS ellipsoid show all modeled mineral assemblages whih di�er from eah other in degree ofanisotropy and bulk suseptibility. The only exeption is the AMS ellipsoid for olivine + antigorite inmain topotati orientation whih evolves from oblate to prolate with degree of serpentinisation.The main impliation of suh a modeling is the possible distribution of AMS anisotropy generatedby magnetite hains. The mirostrutural observations show that the magnetite is mainly growingeither at the boundary of olivine and serpentine or between two serpentines as a result of retrogradereations of antigorite to lizardite and magnetite. This implies that the newly grown magnetites are notdistributed randomly but there is a signi�ant in�uene of olivine and orthopyroxene rystallographiorientations whih govern orientation of serpentine and magnetite minerals during stati serpentinisa-tion. Therefore, we suggest that the magnetite aggregates are following the AMS trends alulated forassemblages ontaining signi�ant amount of serpentine (Fig. 16).128



Origin of magneti fabri in the Mohelno peridotiteThe Mohelno peridotite reveals omplex pattern of the magneti fabri, expressed by various magnetifabri patterns (Type I-III), by wide range of the bulk magneti suseptibility and mean orientationof AMS orientation data. Dividing the AMS data into three groups (Group I-III) allowed to assigneah group to individual step in the sequene of the serpentinization proess. Important observationfor the following interpretation is the stati nature of the serpentinization laking any strutural ormirostrutural (Fig. 3) signs of the syn/post-serpentinization deformation.The Group I represents probably the magneti fabri from the earlier stage of the serpentinizationproess in the middle rustal onditions. Several data soures lead to this senario, in partiular: (1)the peridotite body is still plastially deformed in the mid-rustal onditions, therefore preservationof any mantle-related fabri is improbable; (2) the bulk magneti suseptibility of the Group I isrelatively lose to the MTPS (alulated from hemial omposition of serpentinite), showing lak oronly minimal prodution of magnetite during serpentinization (Bah et al. 2006); (3) orientation ofAMS mimetizing the olivine LPO foliation has intersetion in β-axis of the peridotite fold (Fig. 9;Chapter 2); (4) presene of the Type I magneti fabri pattern, whih an be interpreted as growth ofthe serpentine (± magnetite) along miroraks exploiting shape of olivine aggregate; (5) loalizationof Group I samples in the enter of the wider northern limb of the peridotite fold, where the degree ofserpentinization is supposed to remain low due to large distane from �uid soure; (6) prevailing neutralshape of the AMS ellipsoid and low degree of anisotropy ould result from the regular orientation ofthe overgrowing serpentine as ilustrated on the Fig. 16.The Group II represents the transitional magneti fabri between the Group I and III. Orientationalmagneti foliation data are not showing girdle-like harater of the Group I, neither magneti foliationand lineation lustering typial for the Group III. The atypial Type III magneti fabri pattern ouldbe explained by serpentinite veins obliquely ross-utting the serpentinite fabri partially followingprevious peridotite mirostruture. Higher bulk suseptibility suggests presene of the magnetite,whih an be produed by seond step in the two-step serpentinization model (Bah et al., 2006) andgrows around relis of olivine and equilibrating primary serpentine. In onlusion, the magneti fabriis in�uened both by the paramagneti ultrama� minerals and newly grown magnetite (Fig. 16b).The highest bulk suseptibility Group III, shows two prinipal orientations of AMS fabris. The mainmagneti mineral is ferromagneti magnetite embedded in almost ompletely serpentinized peridotite.129



Figure 17. Sketh of di�erent pre-deformational orientation of magneti foliation and lineation onstrained by primary peridotitefabri. Situation for di�erent position within the peridotite fold and both main guiding olivine slip system is illustrated. (a)Ilustration of magneti fabri indued by olivine [100℄(0kl) slip system in sample from northern (orange) part of the body witheither olivine + antigorite in both topotati orientations or olivine + orthopyroxene + antigorite in both topotati orientations.(b) Ilustration of magneti fabri indued by olivine axial(010) slip system in sample from northern (orange) part of the bodywith either olivine + antigorite in both topotati orientations mineral assemblage or olivine + orthopyroxene + antigorite in bothtopotati orientations assemblage. () Distribution of olivine LPO slip patterns within the peridotite fold divided into northern(orange) and southern (violet) part. (d) Ilustration of magneti fabri indued by olivine axial(010) slip system in sample fromsouthern (violet) part of the body with either olivine + antigorite in both topotati orientations mineral assemblage or olivine+ orthopyroxene + antigorite in both topotati orientations assemblage. (e) Deformation of modelled magneti fabri by E�Wshortening both in the northern (orange) and southern (violet) part of the fold.Atypial magneti fabri pattern Type III is also present again in orientation oblique to the prevailingmagneti fabri orientations and an be explained by serpentinite veins obliquely ross-utting thedominating magneti fabri. Strong AMS fabris of group III samples is inompatible with onept ofstati rystallization.In order to explain this fabri pattern we show the distribution of modelled AMS fabris for statiallyserpentinized peridotite following the regional distribution of olivine slip systems inside the peridotitefold (Chapter 2) (Fig. 17). This approah shows the AMS pattern for serpentinized peridotite priorto late deformation. In the axial zone and northern limb of the fold is dominant the [100℄(0kl) slipsystem, whih implies the presene of oblate AMS ellipsoid and magneti foliation perpendiular to130



the fold hinge for olivine + serpentine assemblage or prolate AMS ellipsoid with K1 diretion parallelto the fold hinge for olivine + orthopyroxene + serpentine assemblage (Fig. 17a). In the southern limbof peridotite fold the olivine reveals predominantly presene of axial(010) slip system. In this domainthe AMS fabri resulting from stati serpentinisation reveals oblate ellipsoid with magneti foliationparallel to olivine foliation and with the orientation of fold limb (Fig. 17d). It is evident that suh adistribution of AMS fabris is not ompatible with orientation of Group III and II AMS fabris, whihorrespond to dominant serpentine foliation measured in the �eld.These fabris an be explained by small deformation superimposed on the serpentinized peridotitewith abundant magnetite surrounding well oriented relis of olivine and orthopyroxene. Indeed, Shul-mann et al. (1991, 1994) shown, that the whole omplex of the Gföhl unit is exposed to the largesale folding due to late E-W ompression at low grade onditions. We therefore propose that thissmall strain inrement auses weak deformation of the serpentinite body reorded by the Group IIImagneti fabri and partial reorientation of Group II AMS fabri (Fig. 17). Aordingly, the assumedAMS fabri (ase of olivine + serpentine oblate fabri) is a�eted by E�W shortening whih induesfolding of horizontal foliation de�ned by serpentine resulting in distribution of K1 diretion parallel tofold axis and K3, K2 diretions forming E�W trending steep girdle (Fig. 11). The folding model isompatible with origin of prolate to plane strain ellipsoid (Fig. 11) as a result of shortening parallelto pre-existing oblate fabri (Shulmann and Jeºek, 2011). Similarly, deformation of olivine + opx +serpentine assemblage results in development of AMS lineation parallel to peridotite fold hinge andmagneti foliation perpendiular to the prinipal shortening (Fig. 11 and 17). The dominant oblatefabri with inreased degree of magneti anisotropy is ompatible with numerial modeling of short-ening of prolate AMS fabri with long axis orthogonal to shortening diretion (Shulmann and Jeºek,2011). It is the latter fabri, whih is dominant in �eld and whih is onsistent with observed miner-alogy. Finally, the shortening of magneti fabris from the southern fold limb results in developmentof girdle of steep AMS foliations with K1 diretion perpendiular to prinipal shortening (Fig. 17).In our model, the Group III samples represent an end�member related to deformation, while Group Ire�ets AMS pattern end�member resulting from mimeti overgrowths of olivine and orthpyroxene byserpentines along rystallographi grain boundaries. The Group II thus represents mixed stage bearingfeatures of both end�member situations.
131



Referenes� Aydin, A., Ferré, E. C., Aslan, Z., (2007). The magneti suseptibility of graniti roks as a proxy forgeohemial omposition: example from the Saruhan granitoids, NE Turkey. Tetonophysis. 441, 85�95.� Bah, W., Paulik, H., Garrido, C. J., Ildefonse, B., Meurer, W. P., Humphris, S. E., (2006). Unrav-eling the sequene of serpentinization reations: petrography, mineral hemistry, and petrophysis ofserpentinites from MAR 15°N (ODP Leg 209, Site 1274). Geophys. Res. Lett. 33, L1330.� Borradaile, G. J., Lagroix, F., (2001). Magneti fabris reveal upper mantle �ow fabris in the TroodosOphiolite Complex, Cyprus. J. Strut. Geol.Geology. 23, 1299�1317.� Borradaile, G. J., Luas, K., (2003). Tetonis of the Akamas and Mamonia ophiolites, Western Cyprus:magneti petrofabris and paleomagnetism. J. Strut. Geol. 25, 2053�2076.� Boudier, F., B. A., Mainprie, D., (2009). Serpentine mineral replaements of natural olivine and theirseismi impliations: oeani lizardite versus subdution�related antigorite. J. Petrol. 51, 495�512.� Chernak, L. J., Hirth, G., (2010). Deformation of antigorite serpentinite at high temperature and pressure.Earth Planet. Si. Lett. 296, 23�33.� Christensen, N. I., (1978). Ophiolites, seismi veloities and oeani rustal struture. Tetonophysis.47, 131�157.� Dunlop, D., Özdemir, Ö., 1997. Rok Magnetism. Fundamentals and frontiers, Cambridge UniversityPress, Cambridge.� Edel, J., Weber, K., (1995). Cadomian terranes, wrenh faulting and thrusting in the entral EuropeVarisides: geophysial and geologial evidene. Geol. Rundsh. 84, 412�432.� Esartín, J., Hirth, G., Evans, B., (2001). Strength of slightly serpentinized peridotites: Impliations forthe tetonis of oeani lithosphere. Geology 29, 1023�1026.� Evans, B. W., (1977). Metamorphism of alpine peridotite and serpentinite. Annu. Rev. Earth Planet.Si. 5, 397�447.� Evans, B. W., (2010). Lizardite versus antigorite serpentinite: Magnetite, hydrogen, and life(?). Geology38, 879�882.� Ferré, E., Tiko�, B., Jakson, M., (2005a). The magneti anisotropy of mantle peridotites: Example fromthe Twin Sisters dunite, Washington. Tetonophysis 398, 141.132



� Ferré, E., Tiko�, B., Jakson, M., (2005b). Corrigendum to "The magneti anisotropy of mantle peri-dotites: Example from the Twin Sisters dunite, Washington" [Tetonophysis 398 (2005) 141�166℄.Tetonophysis 405, 233.� Fiala, J., Mat¥jovská, O., Va¬ková, V., (1987). Moldanubian granulites: soure material and petrogenetionsiderations. Neu.Jb.Mineral., Abh. 157, 133�165.� Franke, W., (2000). The mid-European segment of the Varisides: tetonostratigraphi units, terraneboundaries and plate tetoni evolution, In: Franke, W., Haak, V., Onken, O., D., T. (Eds.), Oro-geni Proesses: Quanti�ation and Modelling in the Varisan Belt. Geologial Soiety, London, SpeialPubliations 179, 35�61.� Haker, B. R., Abers, G. A., Peaok, S. M., (2003). Subdution fatory 1. Theoretial mineralogy,densities, seismi wave speeds, and H2O ontents. J. Geophys. Res. 108, 2029.� Handy, M. R., (1990). The solid�state �ow of polyminerali roks. J. Geophys. Res. 95, 8647�8661.� Hasalová, P., Janou²ek, V., Shulmann, K., �típská, P., Erban, V., (2008b). From orthogneiss tomigmatite: Geohemial assessment of the melt in�ltration model in the Gföhl Unit (Moldanubian Zone,Bohemian Massif). Lithos 102, 508�537.� Hasalová, P., Shulmann, K., Lexa, O., �típská, P., Hrouda, F., Ulrih, S., Haloda, J., Týová, P., (2008a).Origin of migmatites by deformation-enhaned melt in�ltration of orthogneiss: a new model based onquantitative mirostrutural analysis. J. Metamorph. Geol. 26, 29�53.� Hasalová, P., �típská, P., Powell, R., Shulmann, K., Janou²ek, V., Lexa, O., (2008). Transformingmyloniti metagranite by open�system interations during melt �ow. J.Metamorph.Geol. 26, 55�80.� Hrouda, F., (2010). Modelling relationship between bulk suseptibility and AMS in roks onsistingof two magneti frations represented by ferromagneti and paramagneti minerals � Impliations forunderstanding magneti fabris in deformed roks. J. Geo. So. India 75, 254�266.� Hrouda, F., Faryad, S. W., Chlupá£ová, M., Je°ábek, P., Kratinová, Z., (2009a). Determination of�eld�independent and �eld�dependent omponents of anisotropy of suseptibility through standard AMSmeasurement in variable low �elds II: An example from the ultrama� body and host granuliti roks atBory in the Moldanubian Zone of Western Moravia, Czeh Republi. Tetonophysis 466, 123.� Hrouda, F., Faryad, S. W., Je°ábek, P., Chlupá£ová, M., Vitou², P., (2009b). Primary magneti fab-ri in an ultrama� body (Moldanubian Zone, European Varisides) survives exhumation�related gran-ulite�amphibolite faies metamorphism. Lithos 111, 95. 133



� Hrouda, F. Jelínek, V., Hru²ková, L., (1990). A pakage of programs for statistial evaluation of magnetianisotropy data using IBM�PC omputers. EOS Trans. AGU.� Hyndman, R. D., Peaok, S. M., (2003). Serpentinization of the forear mantle. Earth Planet. Si.Lett. 212, 417.� Janou²ek, V., Finger, F., Roberts, M., Frýda, J., Pin, C., Dolej², D., (2004). Deiphering the petrogenesisof deeply buried granites: whole-rok geohemial onstraints on the origin of largely undepleted felsigranulites from the Moldanubian Zone of the Bohemian Massif. Earth Env. Si. T. R. So. Edinb. 95,141�159.� Janou²ek, V., Holub, F. V., (2007). The ausal link between HP�HT metamorphism and ultrapotassimagmatism in ollisional orogens: ase study from the Moldanubian Zone of the Bohemian Massif. P.Geologist. Asso. 118, 75�86.� Jelenska, M., Werner, T., (1997). Magneti anisotropy parameters for the ultrama� and the gabbroiroks from three boreholes from the Sudetes, Poland. Phys. Chem. Earth 22, 161�165.� Jelínek, V., (1981). Charaterization of the magneti fabri of roks. Tetonophysis 79, T63�T67.� Jelínek, V., Pokorný, J., (1997). Some new onepts in tehnology of transformer bridges for measuringsuseptibility anisotropy of roks. Phys. Chem. Earth 22, 179�181.� Jelínek, V., Kropá£ek, V., (1978). Statistial proessing of anisotropy of magneti suseptibility measuredon groups of speimens. Stud. Geophys. Geod. 22, 50�62.� Kamei, A., Obata, M., Mihibayashi, K., Hirajima, T., Svojtka, M., (2010). Two ontrasting fabripatterns of olivine observed in garnet and spinel peridotite from a mantle�derived ultrama� mass enlosedin felsi granulite, the Moldanubian Zone, Czeh Republi. J. Petrol. 51, 101�123.� Kontny, A., Woodl, A. B., Koh, M., (2004). Temperature�dependent magneti suseptibility behaviourof spinelloid and spinel solid solutions in the systems Fe2SiO4�Fe3O4 and (Fe,Mg)2SiO4�Fe3O4. Phys.Chem. Miner. 31, 28�40.� Lagroix, F., Borradaile, G. J., (2000). Magneti fabri interpretation ompliated by inlusions in ma�siliates. Tetonophysis 325, 207�225.� Lexa, O., Shulmann, K., Janou²ek, V., �típská, P., Guy, A., Raek, M., (2011). Heat soures and triggermehanisms of exhumation of HP granulites in Varisan orogeni root. J. Metamorph. Geol. 29, 79�102.134



� Liu, Q., Zeng, Q., Zheng, J., Yang, T., Qiu, N., Liu, Z., Luo, Y., Jin, Z., (2010). Magneti properties ofserpentinized garnet peridotites from the CCSD main hole in the Sulu ultrahigh-pressure metamorphibelt, eastern China. J. Geophys. Res. 115, B06104.� MaDonald, W. D., Ellwood, B. B., (1988). Magneti fabri of peridotite with interseting petrofabrisurfaes, Tinaquillo, Venezuela. Phys. Earth Planet. In. 51, 301�312.� Manning, C. E., (1995). Phase�equilibrium ontrols on SiO2 metasomatism by aqueous �uid in subdu-tion zones: reation at onstant pressure and temperature. Int. Geol. Rev. 37, 1074�1093.� Matte, P., Maluski, H., Rajlih, P., Franke, W., (1990). Terrane boundaries in the Bohemian Massif:Result of large-sale Varisan shearing. Tetonophysis 177, 151�170.� Mat¥jovská, O., (1975). The Moldanubian gneiss series of south�western Moravia and its relation togranulites.. V¥stn. Úst°ed. Ústav. Geol. 50, 345�351.� Mat¥jovská, O., (1967). Petrogenesis of the Moldanubian granulites near Nám¥²´ nad Oslavou. Krystal-inikum 5, 85�104.� Medaris, L. J., Wang, H., Mísa°, Z., Jelínek, E., (1990). Thermobarometry, di�usion modelling andooling rates of rustal garnet peridotites: Two examples from the Moldanubian zone of the BohemianMassif. Lithos 25, 189�202.� Miller, D. & Christensen, N. (1997). Seismi veloities of lower rustal and upper mantle roks from theslow�spreading Mid�Atlanti ridge, South of the Kane transform zone (MARK), Pro. O. Dril. Prog.,Si. Res. 153.� Nagata, T., 1961. Rok magnetism, Maruzen Company Ltd., Maruzen Tokyo.� O'Brien, P., Carswell, D., (1993). Tetonometamorphi evolution of the Bohemian Massif: evidene fromhigh pressure metamorphi roks. Geol.Rundsh. 82, 531�555.� O'Hanley, D. S., (1992). Solution to the volume problem in serpentinization. Geology 20, 705�708.� O'Hanley, D. S., Dyar, M. D., (1993). The omposition of lizardite 1T and the formation of magnetite inserpentinites. Am. Mineral. 78, 391�404.� O'Hanley, D. S., Dyar, M. D., (1998). The omposition of hrysotile and its relationship with lizardite.Can Mineral 36, 727�739.� O'Hanley, D. S., Wiks, F. J., (1995). Conditions of formation of lizardite, hrysotile and antigorite,Cassiar, British Columbia. Can. Mineral. 33, 753�773. 135



� Ou�, O., Cannat, M., Horen, H., (2002). Magneti properties of variably serpentinized abyssal peridotites.J. Geophys. Res. 107, 2095.� Parma, J. & Zapletal, K. (1991). CS-1 apparatus for measuring the temperature dependene of low-�eldsuseptibility of minerals and roks (in o-operation with the KLY-2 Kappabridge).� Raek, M., �típská, P., Pitra, P., Shulmann, K., Lexa, O., (2006). Metamorphi reord of burial andexhumation of orogeni lower and middle rust: a new tetonothermal model for the Drosendorf window(Bohemian Massif, Austria). Mineral. Petrol. 86, 221�251.� Raek, M., �típská, P., Powell, R., (2008). Garnet�linopyroxene intermediate granulites in the St.Leonhard massif of the Bohemian Massif: ultrahigh-temperature metamorphism at high pressure or not?.J. Metamorph. Geol. 26, 253�271.� Reinen, L. A., Weeks, J. D., Tullis, T. E., (1994). The fritional behavior of lizardite and antigoriteserpentinites: Experiments, onstitutive models, and impliations for natural faults. Pure and AppliedGeophysis 143, 317�358.� Ribeiro Da Costa, I., Barriga, F. J., Viti, C., Mellini, M., Wiks, F. J., (2008). Antigorite in deformedserpentinites from the Mid-Atlanti Ridge. Eur. J. Mineral. 20, 563�572.� Rihter, C., K. P. & MaLeod, C. (1996). Magneti fabris and soures of magneti suseptibility in lowerrustal and upper mantle roks from Hess Deep, Pro. ODP, Si. Results, 147, 393�403.� Sander, B., 1930. Gefügekunde der Gesteine, Springer, Vienna.� Shmädike, E., Gose, J., Will, T. M., (2010). The P�T evolution of ultra high temperature gar-net�bearing ultrama� roks from the Saxonian Granulitgebirge Core Complex, Bohemian Massif. J.Metamorph. Geol. 28, 489�508.� Shulmann, K., Jeºek, J., (2011). Some remarks on fabri overprints and onstritional AMS fabri inigneous roks. Int. J. Earth Si.� Shulmann, K., Konopásek, J., Janou²ek, V., Lexa, O., Lardeaux, J.-M., Edel, J.-B., �típská, P., Ulrih,S., (2009). An Andean type Palaeozoi onvergene in the Bohemian Massif. C. R. Geosi. 341, 266�286.� Shulmann, K., Kroner, A., Hegner, E., Wendt, I., Konopásek, J., Lexa, O., �típská, P., (2005). Chrono-logial onstraints on the pre-orogeni history, burial and exhumation of deep-seated roks along theeastern margin of the Varisan Orogen, Bohemian Massif, Czeh Republi. Am. J. Si. 305, 407�448.136



� Shulmann, K., Ledru, P., Autran, A., Melka, R., Lardeaux, J., Urban, M., Lobkowiz, M., (1991).Evolution of nappes in the eastern margin of the Bohemian Massif: a kinemati interpretation, Geol.Rundsh. 80, 73�92.� Shulmann, K., Martelat, J.-E., Ulrih, S., Lexa, O., �típská, P., Beker, J. K., (2008). Evolution ofmirostruture and melt topology in partially molten graniti mylonite: Impliations for rheology of felsimiddle rust. J. Geophys. Res. 113, B10406.� �ihta°ová, I., (1981). Moldanubian amphibolites in the area SE of Nám¥²´ nad Oslavou. V¥stn. Úst°ed.Ústav. Geol. 56, 203�214.� �típská, P., Shulmann, K., Kröner, A., (2004). Vertial extrusion and middle rustal spreading ofomphaite granulite: a model of syn-onvergent exhumation (Bohemian Massif, Czeh Republi). J.Metamorph. Geol. 22, 179�198.� �típská, P., Shulmann, K., Powell, R., (2008). Contrasting metamorphi histories of lenses of high�pressureroks and host migmatites with a �at orogeni fabri (Bohemian Massif, Czeh Republi): a result oftetoni mixing within horizontal rustal �ow?. J. Metamorph. Geol. 26, 623�646.� Taj£manová, L., Konopásek, J., Shulmann, K., (2006). Thermal evolution of the orogeni lower rustduring exhumation within a thikened Moldanubian root of the Varisan belt of Central Europe. J.Metamorph. Geol. 24, 119.� Toft, P. B., Arkani-Hamed, J., Haggerty, S. E., (1990). The e�ets of serpentinization on density andmagneti suseptibility: a petrophysial model. Phys. Earth Planet. In. 65, 137�157.� Tollmann, A., (1982). Grossräumiger variszisher Dekenbau im Moldanubikum und neue Gedanken zumVariszikum Europas. Geotekton. Forsh. 64, 1�91.� Ulmer, P., Trommsdor�, V., (1995). Serpentine stability to mantle depths and subdution-related mag-matism. Siene 268, 858�861.� Urban, M., (1992). Kinematis of the Varisan thrusting in the Eastern Moldanubium (Bohemian Massif,Czehoslovakia): evidene from the Nám¥²´ granulite massif. Tetonophysis 201, 371�391.� Van De Moortèle, B., Bezaier, L., Trullenque, G., Reynard, B., (2010). Eletron bak�sattering di�ra-tion (EBSD) measurements of antigorite lattie�preferred orientations (LPO). J. Miros. 239, 245�248.� Wiks, F. J., Whittaker, E. J. W., (1977). Serpentine textures and serpentinization. Can. Mineral. 15,459�488.
137





General onlusions and orogeni sale tetoniimpliations
This work provides multidisiplinary geologial researh arried out on lower rust and upper mantlerok assemblage in the eastern margin of the Bohemian Massif, that forms one of the biggest exposureof these roks in Varisan Europe. The researh was foused on struture, petrology, geohemistryand geohronology of Mohelno peridotite massif enlosed in the Nám¥²´ felsi granulite body, that isirregularly enveloped by an garnet-bearing amphibolite belt. Our and previous observations publishedelsewhere allow a subdivision of Varisan �orogeni root� in two distint layers, whih di�er in age andorigin (Lexa et al., 2011).The deeper granulite � peridotite layer ours in the lower rustal massifs all around the wholeBohemian Massif. The felsi Nám¥²´ granulite body reveals remarkable geohemial and petrologialstability reorded also in other granulites over the whole orogeny. However, the granulites from theeastern margin of the Bohemian Massif reveal the important presene of Devonian ziron U-Pb andPb-Pb ages (~500�400 Ma). They are interpreted in the region of eastern margin of the BohemianMassif as protolith ages (Shulmann et al., 2005; Taj£manová et al., 2006). Importantly, the othergranulite massifs, namely loated in the western part of the Moldanubian Zone, are haraterized bymid-Ordoviian protolith ages (Janou²ek et al., 2004, Janou²ek and Holub, 2007). As proposed inthe Chapter 1, the proess of formation of ontinental rust may ontinue from Ordoviian to EarlyDevonian, thereby produing both types of ma� and felsi magmas over the whole period of time. TheDevonian protolith ages may imply that the Devonian part of �Saxothuringian rust� was underthrustunderneath the autohthonous part of the Bohemian Massif before the rear Ordoviian part, whihours today in western part of the orogeni root domain. The Early Devonian origin of orogeni lowerrust in the Nám¥²´ Granulite is however signi�antly older than Late Devonian age of inluded mantlefragment, whih is onsidered as asthenospheri in origin (Medaris et al., 2005). 139



Figure 1. Setion aross Varisan orogen from Lexa et al. (2011), adopted to illustrate the idea of di�erent timing of relaminationand therefore peak metamorphism for granulites of the eastern margin of Bohemian Massif ompared to their westerly ounterparts.Our work shows that the mantle was refertilized before being inorporated in the rust, whih is atypial feature of asthenospheri mantle below slow spreading rifts (Dijkstra et al., 2001, 2003; Bodinierand Godard, 2007 and referenes therein). Therefore, it is very likely that the Late Devonian historyreorded in the mantle fragment re�ets only heterogeneous nature of subontinental mantle lithosphererelated to Devonian rifting (most likely in bak ar position with respet to Saxothuringian subdution(Fig. 1) and is not genetially related to surrounding felsi granulites. The plae of inorporationof mantle fragment to felsi granulite is impossible to determine, but its Devonian age oinides wellwith origin of Central Bohemian pluton � magmati ar and ages of elogites loated in the Teplásuture (Shulmann et al., 2009). In onlusion, the Mohelno peridotite represents an autohthonouslithospheri mantle, that was sampled by granulite rust during relamination proess.The other information is oming from metamorphi U-Pb ziron ages from granulites, whih areranging between 353 to 340 Ma (Chapter 1). These ages were already reported by Shulmann etal. (2005) and Taj£manová et al. (2010), whih indiates a melting and assoiated rystallization ofzirons from orogeni lower rust at the easternmost termination of the Bohemian Massif ten millionyears before similar event in the entral part of the root. This an be interpreted as an event related to140



Figure 2. 3D geodynami model of melt enhaned exhumation of B¥stviná peridotite (from Mahek et al., 2009).peak of granulite�faies metamorphism whih ours earlier in the East than in the West. The reasonof that an be dedued from the model of radioative deay of highly radiogeni protoliths presentedby Lexa et al. (2011). Using this approah, the subduted Devonian felsi rust is relaminated at thebottom of the root 15 My earlier than the Ordoviian one in the rear part of the orogen, whih wasvery likely not yet metamorphosed. At the time of arrival of Devonian part of lower rustal allohthonto the eastern margin of the root elapsed already 15 My of thermal relaxation, while the Ordoviianpart just arrived at the bottom of the root. This ould be the reason, why the age of granulite�faiesmetamorphism (and melting) started 15 � 10 My years before the similar event in the rear part ofthe orogen. The previous omparative mirostrutural study of granulites and mantle roks in thewestern part of the orogeni root showed, that the mantle fragments are heterogeneous in ompositionand peridotites themselves are partly oupled with surrounding granulite (Mahek et al., 2009) (Fig.2). These authors proposed, that vertial rheologial heterogeneity (linopyroxenite layering) in themantle wedge due to melt perolation from the subdution zone is responsible for mehanial ouplingbetween granulite and linopyroxenite. This model suggests subvertial emplaement of upper mantleroks into orogeni lower rust. The important ingredient of this model is an assumption, that thistetoni history is linked to the dynamis of ESE dipping Saxothuringian subdution zone during lateDevonian and Early Carboniferous. However, the model proposed in this study (Chapter 2) di�ersfrom that of Mahek et al. (2009), as the sale of the peridotite body as well as amount of mehanialreworking is quite di�erent. The Mohelno peridotite body is almost ompletely rerystallized to �ne141



Figure 3. 3D tetono-metamorphi model of imbriations of mantle lithosphere and emplaement of peridotite sheet into foldedlower rust during the shortening of the Varisan orogeni root. Example from the Nám¥²´ Granulite Massif.grained mylonite mirostruture in proposed intra mantle shear zones, that failitated emplaementof mantle sheets into lower rust of the root (Fig. 3). Similarly, Fran¥k et al. (2011) also suggestthe importane of the Saxothuringian subdution dynamis on emplaement of peridotite sheets intosouth Bohemian granulites. All these studies imply, that the mantle fragments of di�erent originand omposition have been emplaed into the orogeni lower rust all along the mantle wedge relatedto Saxothuringian subdution. All these studies agree in an exhumation phase resulting in vertialtransfer of lower rustal and mantle material due to folding and vertial extrusion proess. The lowerrust and mantle arrived to the mid-rustal levels orresponding to pressure about 0.7�1 GPa.The di�erene between �nal struture reorded in the mantle fragments in the western and theeastern part of the orogeni root is in N-S shortening indued by southward movements of Bruniapromontory. Our study shows that mantle and surrounding lower rust were folded in depth 20 �25 km during N-S shortening, that was almost orthogonal to Late Devonian � Early Carboniferousorogeni fabri.142



Figure 4. Blok diagram with distribution of various garnet peridotite (peridotite types from Medaris et. al, 2005) along theeastern margin of Bohemian Massif (blok diagram from Shulmann et al. 2005)Exellent preservation of early fabris and geographi position of studied granulites and peridotitesindiate, that these roks have been sampled in front of olliding Brunia promontory. Therefore, theseareas provide a unique opportunity to study the rust � mantle interations non-a�eted or weaklya�eted by middle rustal hannel �ow as disussed by Shulmann et al. (2008). Indeed, the positionsand fabri of granulite � peridotite lower rustal sheets at the eastern margin of the Bohemian Massifshow alternations with middle rust and potentially best examples of orogeni hannel �ow fabris.The heterogeneity of peridotite omposition and variability P�T onditions in individual units ofeastern margin of the Bohemian Massif imply a juxtaposition of palaeogeographially ontrastingdomains by the hannel �ow proess. The best example is reent position of ompositionally andgeohemially di�erent Mohelno and Nové Dvory peridotites (Fig. 4), that reently rop out 10 kmfrom eah other (e.g. Medaris et al., 1990). Mohelno peridotite is supposed to be exhumed due tointramantle shearing, vertial extrusion and thrusting at the beginning of Brunian indentation. Inontrary, vertial movement of the UHP Nové Dvory (Nakamura et al., 2004) and similar types ofperidotites (Type III aording to Medaris et al., 2005) ould be failitated by heterogeneous vertialmelt perolation in the mantle wedge responsible for lithologial modi�ation and subsequent strain143



Figure 5. Sketh of our proposed model deduing the magneti fabri from the primary rystallographi fabri, topotatirelationships between minerals and �nally from orientation towards the main stress diretion.weakening in the pyroxene rih layers. Finally, it ould be the lower rustal hannel, that transportedoriginally the UHP peridotite fragments throught orogeni root and later over ontinental promontorywithin hannel �ow hundreds of kilometers from the site of mantle-rust inorporation.The late history of peridotite fragment was studied using study of anistropy of magneti susep-tibility oupled with analysis of serpentinisation proess. The peridotite was serpentinized by twostage proess, produing �rst antigorite and later lizardite + magnetite at the expense of olivine andorthopyroxene. The AMS study shown, that the serpentinisation was originally a stati proess relatedto release of �uids from rystallizing melts in the mid-rustal hannel �ow. However, the AMS fabrisindiate, that the serpentinite reorded a dutile strain, that is inompatible with stati rerystalliza-tion hypothesis. The simple modelling of paramagneti AMS fabri was used to oneptualy modelpossible fabri origin due to post-serpentinisation deformation.We proposed a model of deformation of weak serpentine matrix inluding magnetite rystals (Fig.5), that is ompatible with late E�W shortening. Suh an event is known at the eastern margin fromprevious studies of for instane Shulmann et al. (1991). Interestingly, the refertilized harzburgite144



Figure 6. Modal ompositions of the studied Mohelno peridotite reonstruted from published mineral analyses (Medaris et al.,2005; Kamei et al., 2010) and our whole-rok geohemial dataset. Trends in modal omposition suggest refertilization of theMohelno harzburgite.shows higher degree of seprentinization, whih is re�eted by high bulk magneti suseptibility. TheAMS study thus ontribute as an indiret method to evaluate the degree of fertilization of harzburgitesin highly seprentinized roks (Fig. 6).
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Résumé de la these en français
La ompréhension de l'interation entre la roûte ontinentale et le manteau pendant une orogenèseest un enjeu majeur pour omprendre les proessus thermoméanique profonds au sein des orogèneset le omportement du manteau sous-ontinental pendant la ollision. La haîne varisque o�re un siteexeptionnel pour étudier les interations tetoniques entre le manteau et la roûte inférieure grâe àla présene de orps de péridotites à spinelle et grenat au sein de massifs granulitiques à Ky�Kfs (Behr,1961 � Saxony granulite massif; Gayk and Kleinshrodt, 2000 � Vosges Massif; Medaris et al., 1995 �Bohemian Massif). Dans le ÷ur de la haîne varisque, la variété des relations entre les péridotites etles granulites/migmatites environnantes suggère un omportement thermique et méanique omplexede la roûte inférieure orogénique et du manteau sous-jaent, e qui pourrait re�éter une histoiretetonique polyphasée.De plus, les études de l'anisotropie sismique du manteau lithosphérique sous-ontinental par l'analysede la biréfringene des ondes S et du déphasage temporel des ondes P révèlent des orientations etdes intensités de fabriques ontrastées. Elles mettent en valeur des fabriques di�érentes du manteaulithosphériques au sein des di�érentes unités de la haîne varisque européenne (Babu²ka and Plomerová,2006; Babu²ka et al., 2007, 2008). La subdution et la ollision dévono-arbonifère pourrait être àl'origine de es hétérogénéités omme le suggèrent Babu²ka et al. (2010). Selon ette étude, le manteaulithosphérique ferait partie intégrante de blo individuels formant le massif de Bohème, rigides pendantl'événement ollisionnel prinipal.Le massif de Bohême est aratérisé par la présene de plusieurs entaines de orps de péridotitesde taille, de omposition et de degré de serpentinisation variés (Medaris et al., 2005). Ces massifsde péridotites du manteau sous-ontinental ont enregistrés di�érents trajets P�T. Plusieurs orps depéridotites (harzburgites à spinelle) ont pour origine le rifting pré-orogénique 'est-à-dire des onditionsP�T et une géohimie semblable à elle du manteau asthénosphérique (Medaris et al., 2005). Enrevanhe, d'autres orps (lherzolite à grenats) montrent des onditions P�T extrêmes de 1400 °C pour149



40�50 kbar issues du oin mantellique éhantillonné et exhumé dans la zone de subdution (Beker,1996, 1997; Nakamura et al., 2004; Akermann et al., 2009; Mahek et al., 2009).Même s'il existe de nombreuses études sur la ompréhension de la pétrogenèse, des onditions méta-morphiques (Medaris et al., 1995, 2006; Akerman et al., 2009) assoiés à des études de pétrophysiques(fabriques) de es rohes (Kamei et al., 2010), il manque une étude détaillée pluridisiplinaire ombinantles données de géohimie, de struturale, de pétrologie et de pétrophysique. Réemment, l'anisotropiede suseptibilité magnétique a été utilisée dans le but de omprendre la relation entre les fabriquesinternes des enlaves de péridotites et des granulites adjaentes (Hrouda et al., 2009). Il a été montréque les fabriques du manteau sont loalement ouplées ave elles de la roûte inférieure orogéniqueenvironnantes (Mahek et al., 2009), suggérant soit une évolution rhéologique et tetonique ommuneentre le manteau lithosphérique et la roûte inférieure, soit un déouplage omplet ave des fabriquesnon similaires entre les deux lithologies (Hrouda et al., 2009).L'étude de fragments de péridotites peut se faire par deux approhes : 1) une étude régionale desfabriques des prinipaux orps péridotitiques par di�ration d'életrons rétrodi�usés dans les olivineset les pyroxènes, assoiée à une analyse de l'anisotropie de suseptibilité magnétique (ASM) a�n dedéterminer un modèle de fabriques dans le manteau sous-ontinental. 2) une étude pluridisiplinairedétaillée de quelques orps de péridotites et des rohes enaissantes à l'aide des outils géohimiques,pétrologiques, struturaux/pétrophysiques et géohronologiques. La seonde approhe permet de om-prendre les proessus liés à l'origine des rohes mantelliques et rustales assoiées, leurs évolutionP�T�t, les interations méaniques entre le manteau, la roûte inférieure et les unités supérieures.Dans e travail, nous avons séletionné la seonde approhe, même si plusieurs autres orps man-telliques ont été aussi investigués. Nous avons séletionné le orps serpentinisé d'harzburgite à spinelleet grenat de Mohelno et les granulites de Nám¥²t environnantes. Ces deux lithologies ont été étudiées demanière onjointe dans le but d'établir un modèle tetonique et pétrophysique pouvant être extrapoléà d'autres orps péridotitiques.Ce manusrit de thèse est formé de trois prinipaux hapitres qui utilisent di�érentes tehniques etrépondent aux di�érentes questions liés à l'origine des orps de péridotites et de leur omportementdans la roûte. Le premier hapitre est onsaré à la géohimie et à la pétrogenèse des péridotites aveun modèle d'origine des rohes enaissantes pré- et synorogénique. Le deuxième hapitre orrespond àune étude ombinée struturale et pétrophysique du massif de Mohelno dans le but d'expliquer le om-portement méanique des � nappes de harriage� de péridotites dans le adre de l'évolution polyphasée150



de la raine orogénique. Le troisième hapitre traite du développement de la serpentinisation et del'anisotropie de suseptibilité magnétique dans les niveaux rustaux supérieurs pendant les derniersstades d'exhumation. Finalement, le dernier hapitre est un résumé des résultats obtenus jusqu'àprésent ombiné ave de nouvelles données pétrologiques et une perspetive de modèle géotetoniqueà grande éhelle de la branhe orientale de la roûte inférieure orogénique du massif de Bohême.Le premier hapitre est une étude géohimique, pétrologique et géohronologique d'un des plusgros massifs de roûte inférieur de la haîne varisque européenne, le massif granulitique de Nám¥²t(NGM), situé à la bordure orientale du massif de Bohême. Ce hapitre présente de nouvelles donnéesde géohimie sur rohe totale, des données de pétrophysique ainsi que des datations in situ U-Pb deziron par mirosonde ionique (SHRIMP) des di�érentes fabriques dans les granulites. Les analysesgéohimiques ont été réalisées dans trois lithologies majeures du NGM : les granulites aides à Ky-Kfs-Grt, les peridotites à spinelle et grenat et les amphibolites à grenat. Les prinipaux résultatsde ette étude montrent que la signature géohimique des granulites du NGM est similaire à ellesdes autres granulites de la zone moldanubienne suggérant une pétrogénèse ommune : une fusionpartielle d'une roûte de omposition granitique à la base d'une roûte ontinentale épaissie. Ladi�érene d'âge de protolith de lithologies à géohimie omparable pourrait indiquer que le proessusde formation des préurseurs des granulites s'est déroulé à l'Ordoviien moyen et au Dévonien. Ene�et, les âges de protolith se onentrent au Dévonien inférieur dans le NGM, alors que les âges dansles granulites des autres massifs sont ordoviien moyen. De plus, l'âge de métamorphisme de 353Ma dans le NGM est en moyenne 13 Ma plus vieux par rapport aux granulites plus oidentales.Les métabasites montrent des ompositions d'E-MORB ou de basaltes intraplaques similaires auxautres ourrenes datant du Cambrien tardif au début du Cambrien. Car leur himie et leur positionstruturale est assez identique (Hök et al., 1997), il est très probable que les rohes étudiés datentaussi du Paléozoïque inférieure et plus vraisemblablement du Cambrien tardif / début de l'Ordoviien.Les péridotites donnent des ompositions d'harzburgites asthénosphériques refertilisées, probablementissues d'un environnement de dorsale lente. Même si les âges Nd-Sm peuvent être onsidérés ommedes âges de refroidissement, il est plus probable qu'ils soient à relier à l'épisode de rifting (Beardet al., 1992; Beker, 1997) et don que le proessus de formation des péridotites étudiées soit dudévonien supérieur. Ce travail montre que les trois lithologies ne peuvent avoir pour origine le mêmeenvironnement géodynamique. Les granulites sont issues d'une roûte ontinentale du Dévonien àl'Ordoviien moyen alors que les metabasites proviennent d'un rifting ambro-ordoviien, e qui exlue151



don une origine ommune. Sur la base de es données et des évolutions P�T ontrastées, il estproposé un model de � re-lamination � d'une roûte ontinentale allohtone sous une roûte ontinentaleinférieure basique autohtone moldanubienne. Les âges métamorphiques préoes de la roûte inférieureallohtone omparés aux âges des massifs plus oidentaux sont interprétés omme une mise en plaediahroniques et une éhelle de temps di�érente de la maturation thermique des parties respetivementoidentales et orientales de la roûte relaminée. La géohimie du manteau re�ète l'hétérogénéité dela omposition du manteau sous-ontinentale éhantillonné pendant le proessus de re-lamination dela roûte. Ce méanisme peut expliquer les variations signi�atives des onditions P�T du matérielmantellique au sein des di�érents massifs de granulites.Le deuxième hapitre traite des interalations de péridotites déformées dans des zones de isaillementintra-mantelliques et replissées dans des onditions de la roûte inférieure à moyenne. Les modèlesd'enveloppes rhéologique de la lithosphère sont disutés : 1) un manteau lithosphérique résistant etune roûte inférieure � �uide � pour un géotherme moyen et élevé, 2) un manteau lithosphérique peurésistant en raison d'études sismiques suggérant que le ontraste de résistane entre le manteau et laroûte peut varier de plusieurs ordres de magnitude. Ces modèles sont basés sur des expérienes et desdonnées géophysiques alors que les données de terrains sont peu exploitées. La zone interne du massifde Bohême (haîne varisque européenne) ontient de larges omplexes de granulites à Ky-Kfs ave desinteralations de péridotites à spinelle et grenat qui permettent de répondre à la question du ontrasterhéologique entre le manteau et la roûte sur la base de données de terrain.Le troisième hapitre est onsaré à l'étude des fabriques magnétiques dans des orps de rohesultrama�ques serpentinisées de la raine orogénique. L'étude permet de omprendre es fabriques,leur lien ave les mirostrutures des olivines et des pyroxènes et l'évolution tetonique régionale.La température limite de serpentinisation en lien ave le développement des mirostrutures dans lespéridotites de Mohelno indique que la serpentinisation se fait à l'état statique, après plissement.En onlusion, les résultats sont orrélés aux études préédentes sur les autres éailles de péridotitesau sein des granulites de la raine orogénique. Il est montré que l'inorporation de fragments depéridotites dans la roûte inférieure haude et leur exhumation onjointe se déroule lors d'un yletetonique indépendant au sein d'un �ux henalisé à la marge orientale de l'orogène. Il est �nalementsuggéré que le manteau à la base de la roûte orogénique épaissie est déformable, probablement a�etépar des zones de isaillement hétérogènes et qu'il � ajuste � ses fabriques aux déformations situé dansle système orogénique situé juste au dessus. Il est très probable que de telles zones de isaillements ne152



soient pas détetables par les méthodes géophysiques.
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Abstrakt
Deforma£ní interake mezi horninami na významném rozhraní k·ra - litosfériký plá²´ je jedním zhlavníh proes·, jejihº pohopení umoºní lépe popsat termomehaniké proesy probíhajíí hlubokov rozsáhlýh poho°íh a p°edev²ím hování kontinentálního plá²t¥ b¥hem kolize kontinentálníh desek.Tato diserta£ní práe obsahuje t°i hlavní kapitoly, p°edstavujíí výsledky r·znýh geologikýh metod,vyuºitýh p°i zkoumání p·vodu a deforma£ního hování peridotitovýh t¥les ve spodní k·°e Variskéhoorogenu.Záv¥ry v první kapitole na základ¥ novýh geohemikýh a geohronologikýh dat diskutují pale-otektonikou pozii hlavníh litologií v Nám¥²´ském granulitovém masívu. Chemiké sloºení felzikýhgranulit· prokázalo jejih blízkou a�nitu s ostatními granulity Moldanubiké zóny. REE obsahy vam�boliteh lemujííh Nám¥²´ský granulitový masív ukazují na jejih p·vod v riftovém prost°edí (E-MORB, WPT). Studie peridotit· ukázala, ºe peridotity jsou pravd¥podobn¥ refertilizované harzbur-gity a jejih p·vod pravd¥podobn¥ v prost°edí pomalu se rozpínajíih oeánskýh h°bet·. Preiznímetodou SHRIMP U-Pb datování in situ zirkon· z Nám¥²´skýh granulit·, se poda°il prokázat v¥k353 Ma vrholné metamorfózy hornin Variského orogenního ko°enu exhumované na výhodním okraji�eského masívu.Druhá kapitola prezentuje záv¥ry ze strukturní studie Mohelenského peridotitu a okolníh granulit·z Nám¥²tského granulitového masívu. Jako jedinou efektivní metodou pro studium vnit°ní stavbyperidotitu se kv·li rozsáhlé serpentinizai ukázalo m¥°ení p°ednostní m°íºkové orientae (EBSD). Vserpentinizovaném peridotitu byly zji²t¥ny dva odli²né olivínové skluzné systémy, jejihº distribuespole£n¥ s detailním strukturním mapováním v okolním Nám¥²´ském granulitovém masívu umoºnilyvysv¥tlit reologiké hování peridotitového t¥lesa v prost°edí ko°ene orogenu. V této kapiole jsme sepokusili vytvo°it geotektoniký model, který popisuje historii peridotitového t¥lesa v rámi mnoha fázítektoniké historie orogenního ko°enu.Ve t°etí kapitole p°edstavujeme výsledky z analýzy serpentiniza£níh proes· v Mohelenském peri-157



dotitu a jejih vlivu na magnetikou stavbu peridotitu, p°edev²ím na anizotropii magnetiké susep-tibility (AMS). T°i rozdílné stavby odli²itelné v magnetikýh m¥°eníh z Mohelenského peridotitureprezentují postupný proes serpentinizae a nár·st významu deforma£ní sloºky magnetiké stavbynad sloºkou primární (zp·sobenou p°ednostní orientaí krystal· a zákonitým r·stem produkt· ser-pentinizae). Vytvo°ený model vzniku magnetiké stavby zaloºený na p°ednostní orientai hlavníhhorninotvornýh krystal· popisuje dob°e hování pozorované v serpentinizovaném peridotitu.V²ehny tyto poznatky potvrdily a umoºnily rozvinout d°íve p°edstavený model p·vodu Moldanu-bikýh granulit· (Janou²ek et al., 2004; Lexa et al., 2011).
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