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Preface  1 

Preface 
 
 Physical and chemical state of the upper mantle is among the most important 

controlling factors in tectonic processes from local to regional scale. Understanding the 

significance of various processes and the recognition of relation between them provides 

valuable and essential information to get closer to a more realistic view of plate tectonics, 

rifting, volcanism, metasomatism and other fundamental processes.   

 Upper mantle xenoliths hosted in Neogene alkali basalts provide material from the 

lithospheric upper mantle beneath the Intra-Carpathian Basin System.  Their detailed study 

provides insight into the nature (both physical and chemical) of the underlying lower 

lithosphere.   

 The main aim of this thesis is twofold: 1) to describe and quantify deformation of the 

lithospheric upper mantle beneath the Intra-Carpathian Basin System primarily related to 

basin formation processes; and 2) to integrate voluminous high quality geochemical data 

accumulated in the last decades with new, hitherto missing microstructural observations 

thereby providing a more dynamic, thus more realistic view of lithospheric evolution and 

response to basin formation. 

 The integrated analysis of more than 50 mantle peridotite xenoliths from the Intra-

Carpathian Basin System revealed that geochemical and structural evolution of the mantle 

lithosphere is the consequence of multi-stage physico-chemical processes.  Moreover, 

significant relation not only exists between xenolith textures and geochemical characteristics 

of the mantle xenoliths but an intense linkage with deformation fabrics of olivine - interpreted 

as which developed in the response if basin forming processes - was also demonstrated.  

Deformation fabrics of olivine show remarkable connection to estimated equilibrium 

temperatures and clearly define two distinct vertical units within the lithospheric mantle, at 

least in the central portion of the basin system studied.  Deeper units are characterized by high 

equilibrium temperatures, relatively fertile major element and depleted trace element 

compositions, MORB-like radiogenic isotopic compositions and fabric indicating deformation 

in a constant stress regime with single extension direction.  This part of the mantle was 

attached to the lithosphere during cooling after the cessation of deformation.  In contrast, 

xenoliths from the shallower potion of the mantle exhibit low equilibrium temperatures, 

depleted major element and enriched trace element and radiogenic isotopic compositions and 

a fabric indicative of multiple deformation.  Alternatively, the development of latter 
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deformation fabric is interpreted as the consequence of subsequent deformations with 

principal stress/strain axes at large angles with respect to one-another.  They are attributed as 

being originally part of the lithosphere before and during basin formation  A third type of 

olivine fabric also occurs indicating deformation on a slip system commonly observed in 

mantle peridotites from mid-ocean ridges.  Equilibrium temperatures are intermediate 

between “deep” and “shallow” mantle derived material.  However, this textural type is quite 

rare. 

 The structure of subcontinental lithospheric mantle beneath the Intra-Carpathian Basin 

System is anisotropic with large-scale gradual and local heterogeneities.  This structure has 

remarkable influence on the migration and residence time of percolating fluids/melts 

regarding their attenuation in the mantle at shallower depth, which results in more intensive 

reaction of melts/fluids and wall rock peridotite.  Moreover, the anisotropy of upper mantle 

and the distinction of different structural units within the upper mantle is suggested to be 

detectable with geophysical methods 
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I. Introduction 
 

 The asthenosphere and lithospheric mantle of the Earth are locales of various physico-

chemical processes responsible for tectonic and magmatic processes observed at the surface.  

The majority of scientific works approach the understanding of such processes either from the 

geochemical or physical side of the problems.  In accordance, geochemical and physical 

processes are deeply understood within the mantle.  However, their relation, influence on one-

another is poorly understood and integrated approaches are seldom.   

 The Intra-Carpathian Basin System, was formed at late stages of the Alpine orogeny, 

the convergence of the Adriatic and European plates (e.g., Kázmér and Kovács, 1985; Balla, 

1988; Ratschbacer et al, 1991; Csontos et al., 1992, Csontos, 1995; Fodor et al., 1999, 

Csontos et al., 2002).  The eastward escape of the orogenic wedge from the Alpine collision 

zone, followed by extensional collapse and the retreat and active pull of the Carpathian 

subduction zone by subduction roll-back are responsible for the formation of the Pannonian 

Basin.  Significant quantity of lithospheric thinning accompanied basin formation (e.g., 

Royden et al., 1983; Csontos, 1995; Török, 1995; Fodor et al., 1999; Tari et al., 1999;  Falus 

et al., 2000; Huismans et al, 2001).  Plio-Pleistocene alkali basaltic locations occurring 

dispersed in the basin system (Figure I.1) with abundant mantle fragments provide spectacular 

opportunity to study the lithospheric upper mantle beneath the region. 

 

 
 

Figure I.1 Topographic map of the Intra-Carpathian Basin System and surroundings.  Xenolith locations (red 

circle) of Neogene-Pleistocene alkali basalts with considerable amount of mantle xenoliths are also indicated.  

Map of László Zentai, 1996. 
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 Geochemical analysis of the lithospheric upper mantle has a long and continuously 

developing history.  Several hundred (maybe several thousand) studies were carried out on 

mantle derived material of various origins (xenoliths, ophiolites, peridotite massifs).  These 

early studies revealed that most of the mantle rocks studied represent a residuum after partial 

melting (e.g., Frey and Green, 1974; Frey and Prinz, 1978).  

 Geochemical studies on mantle derived xenoliths in the Intra-Carpathian Basin System 

are numerous and extensive (e.g., Embey-Isztin, 1976, 1984 Embey-Isztin et al., 1989, 2001; 

Kurat et al., 1991; Downes et al., 1992; Szabó and Taylor, 1994; Downes and Vaselli, 1995, 

Szabó et al., 1995ab Vaselli et al., 1995, 1996; Rosenbaum et al., 1997; Dobosi et al., 1999; 

Falus et al., 2000, Bali et al., 2001, 2002; and references therein) regarding their major, trace-

element and isotope geochemical compositions.  These studies revealed that the lithospheric 

mantle beneath the region is similar to that observed world wide in shallow subcontinental 

lithospheric mantle environment.  Moreover, marked relation between the composition of 

mantle xenoliths and xenolith textures (interpreted as indicative of deformation state) was 

found (e.g., Downes et al., 1992; Szabó et al., 1995a).  In fact, some physical parameters 

(equilibrium temperature, oxygen fugacity) also showed remarkable relationship with xenolith 

textures (Szabó et al., 1995a).  However, no consistent kinematic model was found that is able 

to link texture-forming processes and those driving the evolution of geochemical 

characteristics without getting in to inconsistency with one of the parameters observed. 

 Simultaneously to the evolution of geochemical exploration, but essentially 

independently from that, the analysis and interpretation of deformation and resulting textures 

and structures (together often addressed as “fabrics”) also largely improved.  In fact, not only 

a large evolution of analytical techniques (from U-stage to EBSD techniques) but also the 

modern kinematic interpretation of studied microstructures went through significant progress 

(e.g., Wenk and Christie, 1991).  Specific attention has been paid to reveal and understand the 

behavior of olivine (e.g., Carter and Avé Lallemant, 1970, Mercier and Nicolas, 1975; 

Nicolas  

and Christensen 1987; Mainprice and Nicolas, 1989; Suhr, 1993 Zhang et al., 2000), the most 

abundant mineral of the upper mantle in lab experiments.  Moreover, experimental results 

were successfully applied to interpret olivine microstructures (i.e., lattice preferred 

orientation) in some natural peridotites (e.g., Van der Wal, 1993; Vissers et al., 1997; 

Soedjatmiko and Christensen, 2000; Dijkstra et al., 2002).  Unfortunately, these works lack 
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extensive geochemical data and thus the link between deformation, recrystallization and 

geochemical characteristics was not clarified. 

 An additional outcome of the recognition of fabric development and anisotropy due to 

preferred orientation in olivine-dominated rocks is the resulting anisotropy in several physical 

parameters of the mantle rocks.  Among these the best studiable and studied feature is the 

seismic anisotropy as a consequence of different seismic velocities with respect to crystal 

axes in the mineral (e.g., Nicolas and Christensen, 1987; Karato, 1992).  Resulting seismic 

anisotropy is a well studied and gradually understood feature world wide.  Measurements of 

the splitting of the seismic waves provide information on the anisotropy of the mantle that can 

be used to unravel the structure and flow pattern of the upper mantle (e.g. Silver, 1996). 

Structural anisotropy, besides producing detectable modification in the propagation of 

seismic waves (e.g., Ribe, 1992), but also influences the migration of percolating fluids and 

melts (e.g., Waff and Faul, 1992).  Conversely, anisotropy of the mantle may considerably 

influence residence time of magmas in the mantle affecting metasomatic and magmatic 

processes.   

 The main aim of this thesis is to describe and quantify deformation of the 

lithospheric upper mantle beneath the Intra-Carpathian Basin System primarily related to 

basin formation processes using available orientation analyzing techniques.  Results obtained 

are integrated with voluminous high quality geochemical data accumulated in the last thereby 

providing a more dynamic, thus more realistic view of lithospheric evolution and response to 

basin formation. 

To accomplish the goal of the thesis several hundred xenoliths, collected earlier or 

personally were carefully looked through from all xenolith locations of the region.  The 

widest range of deformed xenoliths was selected from the specimen set. Moreover, if possible 

xenoliths earlier studied in detail, fulfilling textural requirements were selected for 

microstructural analysis in order to generate a self-consistent-as possible basis for the studies.  

Naturally, textural types not described so far (e.g., Figure II.2) were also selected and 

geochemical analysis, with respect to analytical potential were also carried out on them.   
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Figure II.2 Tabular equigranular xenolith from the BBHVF.  Also shown is the orientation pattern of olivine 

crystals with respect to crystal axes. 
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II. Structure and geodynamic evolution of the Intra-Carpathian 
Basin System 

II.1 Structural geological model of the basin formation 

 The Intra-Carpathian Basin System, a back-arc basin of the Carpathian arc 

with anomalously thin lithosphere was formed at late stages of the Alpine orogeny, 

the convergence of the Adriatic and European plates.  Extensional tectonics forming 

the internal part of the basin system was closely related to ongoing thrusting and 

folding in the surrounding Carpathian belt. The major driving forces of basin 

formation are believed to be continuous subduction on the northern and eastern 

interfaces of the forming basin and synchronous extrusion of the basin units from the 

Alpine compressional belt. 

 The substratum of the Intra-Carpathian Basin System, composed of pre-

Tertiary thrust sheets, is not uniform, but as indicated by paleobiogeographic (e.g., 

Géczy, 1973; Géczy, 1984; Vörös, 1993; Szente, 1995) and paleomagnetic (e.g., 

Márton and Márton, 1978; Márton and Márton, 1996) studies, is composed of two 

major blocks, the ALCAPA block in the north of African affinity and the TISZA-

DACIA block in the south of European affinity (Figure II.1). 
 

 
 

Figure II.1  Simplified geological map indicating recent position of lithospheric blocks (ALCAPA, 

TISZA-DACIA) in the Intra-Carpathian Basin System.  Also shown is the relative position of the 

Dinarides.  MHZ – Mid-Hungarian Zone; f – flysch, m – molasses. 
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These works have also revealed that the two blocks, now in contact along the Mid-

Hungarian Zone (Csontos and Nagymarosy, 1998), had significantly different 

Mesozoic histories and were assembled in the Middle Miocene after opposite rotation 

(e.g., Márton and Márton, 1978; Balla, 1984; Csontos, 1992; Kovác et al., 1994; 

Figure II.2).  

 

 
 
Figure II.2  Schematic tertiary evolution and geodynamic setting of the ALCAPA and the TISZA-

DACIA block.  The motion of DINARIDES is also shown.  A – suggested situation in the Ottnangian; 

B – Karpatian rotations (indicated by large black arrows, numbers show quantity of rotation); C – 

Badenian major rifting event (white arrows show major tension orientations; black arrows display 

compression); D – Pliocen-Quaternary inversion due to push by the Dinaridic block. Asterix indicates 

fix points during rotation (after Csontos et al., 2002). MHZ – Mid Hungarian Zone. 

 

 The driving mechanism of rotation and the juxtaposition of the constituent 

blocks is believed to be the extrusion tectonics generated by the Alpine collision 

during the Oligocene—Early Miocene (Kázmér anf Kovács, 1985; Balla, 1988; 

Ratschbacer et al, 1991; Csontos et al., 1992).  Extrusion tectonics, described by 

Tapponier and Molnar (1976), is defined as synchronous interaction between tectonic 

escape (Burke and Sengör, 1986) and extensional collapse (Dewey, 1988).  The key 

factor of this type of tectonic process is the presence of a subductable oceanic or 

thinned continental crust at the edge of the escaping units.  The Outer Carpathian 

flysch basins, which were opened by Jurassic-Early Cretaceous rifting (Csontos, 
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1995), with weakened lithosphere served as such “free space”, which could be later 

occupied by the escaping ALCAPA and TISZA-DACIA blocks (Csontos, 1995). The 

eastward escape of the orogenic wedge from the Alpine collision zone, followed by 

extensional collapse and the retreat and active pull of the Carpathian subduction zone 

by subduction roll-back are responsible for the formation of the Pannonian Basin.   

 

II.2 Timing of tectonic events during basin formation 

 Surface and subsurface tectonic observations, together with seismic profiles 

led to the recognition of major tectonic phases, which led to the formation and recent 

structure of the Intra-Carpathian Basin System.  These phases are discussed in detail 

below: 

 

Paleogene-Early Miocene event: 

This interval is characterized by large opposed rotations of the two major constituent 

blocks as indicated by paleomagnetic data (Figure II.2A; e.g., Balla, 1984).  Lateral 

faults and thrust faults characterize the tectonic pattern of this period (Fodor et al., 

1992; Tari et al., 1993).  Transtensional structures are often observed in the TISZA-

DACIA block. Basin formation in the northern part of the TISZA-DACIA block also 

takes place during this tectonic period (Ciulavu et al, 1994). 

 The Early Miocene was the period when rotational contact of the two 

continental blocks took place (Balla, 1984; Kovác et al., 1994). Radial shortening and 

lateral faults between major thrusts are found both on the ALCAPA and TISZA-

DACIA blocks.  Extension with normal faulting in the Vienna basin started in the 

Eggenburgian and culminated in the Ottnnangian and Karpathian (see later).  

Volcanic rocks occur sporadically throughout the whole period.  Silicic rocks, as thick 

ignimbrites were erupted along the Mid-Hungarian Zone (e.g., Szabó et al., 1992; 

Pécskay et al., 1995).   

 

Karpatian event: 

Major rotations were achieved till the beginning of the Middle Miocene and 

rifting (Figure II.2B), associated with significant syn-sedimentary faulting and high 

subsidence rates (going on from the Ottnangian in the western parts of the Intra-
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Carpathian Basin System) started in this period continuing in the Badenian in the 

central and eastern portions of the Basin (Csontos, 1995; Fodor et al., 1999).  

Stretching in the basin was coeval with nappe thrusting in the Outer Carpathians 

(Csontos, 1995). However, nappe formation already ceased in the western part of the 

Carpathian chain. 

 Major basin openings (Little Hungarian Plain Tari, 1994; Hód-Békés Györfi 

and Csontos, 1994) along low angle normal faults are related to the Karpatian tectonic 

event.  Extension was accompanied by rapid uplift of metamorphic core complexes.  

At the same time the opening of thin-skinned, strike slip basins, the Vienna and East 

Slovakian Basins took place.  The major stress field driving deformation in the crust is 

the NE-SW to ENE-WSW trending tension (Fodor et al., 1999).   The Karpatian was 

the period of major calc-alkali volcanic activity.  Eruption centers are located along 

the Carpathian arc (e.g., Szabó et al., 1992; Pécskay, 1995).   

 

Badenian event: 

 This was the period of broad rifting in the gross of the Intra-Carpathian Basin 

System (Figure II.2C, e.g., Tari, 1994). Lateral faulting, associated with the formation 

of pull-apart basins characterized the tectonic pattern of this period (e.g., Fodor et al., 

1999).  A remarkable feature during the Badenian event is the rotation of dominating 

stress fields from that characterizing the Karpatian deformation.  The rotation of 

major tension direction from NE to E occurred before or within the Middle Badenian 

(Fodor et al., 1999) due to fixation of the subduction front in the northwesternmost 

part of the Carpathians.  

Similar structural geological results, although occurring temporally somewhat 

shifted, can be obtained mostly from seismic sections within the TISZA-DACIA unit 

Györfi and Csontos, 1994).  Although the Transylvanian Basin also subsided, no 

extensional structures have yet been found (e.g., Ciulavu et al., 1994).  The end of 

rifting in the western parts of the Pannonian Basin (Tari, 1994) is shown on seismic 

sections.  Large volumes of andesites where formed during the Badenian.  Eruption 

centers are located along the Carpathian arc (Szakács and Seghedi, 1995). 
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Late Miocene event (Sarmata, Pannonian, Pontian): 

 The period is considered to be the thermal cooling phase of the Middle 

Miocene rifting (Horváth and Royden, 1981).  In the late Sarmatian overall inversion 

in the basin system can be observed.  Recent subsidence model calculations, however 

assume a second, active mantle upwelling during the earliest Pannonian (Huismans et 

al., 2001).  The upwelling of the asthenosphere resulted in extreme thinning (γ~8) of 

the sub-continental lithosphere beneath the central part of the region.  Most of the 

basin system is characterized by tectonic subsidence, however minor inversion of 

earlier graben structures (Horváth, 1995) and erosion in the Sarmatian can also be 

observed. The Sarmatian erosional event is explained by the combination of increase 

of intraplate compressional stress (Horváth, 1995) and global sea level fall at the end 

of the Sarmatian (Vakarcs et al., 1994). The Pannonian was characterized by post-rift 

subsidence, as indicated by widespread and thick Pannonian sediments, often 

onlaping the pre-Miocene basement (Csontos, 1995).  The basin system was filled up 

by the end of the Pontian by large delta system.  Calc alkaline and coexisting alkali 

magmatism is observed in this period (e.g., Szabó et al., 1992) 

 

Late Miocene-Recent: 

 The tectonic period is characterized by the complete termination of the 

subduction of the European foreland beneath the Carpathians followed by the 

detachment of the subducting slab in a scissor-like nature from west to east (Spakman, 

1990).  The ongoing convergence between the Adriatic and European plates at the 

Dinaric front resulted in compression of the lithosphere beneath the Intra-Carpathian 

Basin System (Horváth and Cloething, 1996).  This caused repeated positive structural 

inversions within the basin system.  Compressive stress field resulted in uplift in the 

peripheral and western parts of the basin and subsidence is only observed in parts of 

the Great Hungarian Plain (Figure II.2D, Horváth and Cloething, 1996; Bada et al., 

1999) 

 Alkali (and ultra potassic) volcanic activity is known from several parts of the 

basin system (e.g., Embey-Isztin et al., 1993; Harangi, 2001).  Alkali basaltic activity 

was associated with deep seated earthquakes as demonstrated by Falus et al. (2004).  

Synsedimentary rocks in the vicinity of the basaltic volcanic areas also display 

evidence for such tectonic events (Sacchi et al., 1999). 
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II.3 Structure and thickness of the lithosphere beneath the 
Intra-Carpathian Basin System 

 Early seismic experiments exploring the structure of the Intra-Carpathian 

Basin System carried out beneath the Great Hungarian Plain revealed that the area is 

underlain by anomalously thin continental crust and lithosphere (Figure II.3).  Stegena 

et al. (1975) suggested the presence of a mantle diapir, which was formed during the 

early Tertiary and which eroded the crust from below resulting in isostatic subsidence.  

 

 
 

Figure II.3. Lithospheric thickness of the Intra-Carpathian Basin System after Lenkey (1999; and 

references therein).  Calk-alkaline volcanic fields (gray patches) and major upper mantle xenolith 

localities in the Neogene-Pleistocene alkali basaltic occurrences (red circles) are also indicated with 

period of volcanic activity (Balogh et al., 1986): SBVF - Styrian Basin Volcanic Field; LHPV – Little 

Hungarian Plain Volcanic Field; BBHVF – Bakony – Balaton Highland Volcanic Field; NGVF – 

Nógrád-Gömör Volcanic Field; ETBVF – Eastern Transylvanian Basin Volcanic Field; MHZ – Mid-

Hungarian Zone 

 

 Crustal structure and crustal thickness of the basin system is well defined due 

to structural geological field studies, paleostress data (e.g., Csontos et al., 1992; Fodor 

et al., 1999 and the analysis of numerous seismic profiles (reflection, refraction and 

wide-angle reflection) taken in the area (e.g., Ibrmajer et al., 1994; Posgay et al., 

1995).  Seismic studies showed that with the exception of the Transdanubian Central 

Range (TCR) the basin system is characterized by 30-22.5 km crustal thickness being 
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the thinnest in the central part of the basin and thickening towards the margins.  The 

anomalously thin crust is suggested to be the result of Neogene extension (e.g., 

Horváth, 1993).   

The structure of the upper crust reflects brittle deformation occurring as 

normal faults that frequently reactivated nappe surfaces and strike-slip tectonic 

movements.  The faults are often syn-sedimentary and never cut through the lower 

crust, which shows strong layering (e.g., Posgay et al., 1990) and is suggested to 

deform in the ductile regime.  Normal faulting and contemporaneous strike slip 

tectonic movements as well as the layering (sub-horizontal reflectors) in the lower 

crust are related to the major extension of the Intra-Carpathian Basin System in the 

Middle Miocene (e.g., Horváth, 1993).  

The nature of the mantle lithosphere, however is poorly constrained.  Only few 

seismic studies with weak resolution (e.g., Babuška et al., 1988; Posgay et al, 1995)., 

magnetotelluric soundings (e.g., Ádám et al., 1996) and gravity anomaly profiles (e.g., 

Szafián et al., 1997) explored the deep lithosphere beneath the basin system.  The 

main aim of these studies was to determine the asthenosphere-lithosphere and crust-

mantle boundaries, whereas the internal structure of the mantle lithosphere was not 

investigated.  All of the geophysical studies carried out, dealing with the lithosphere 

reflect updoming of the asthenosphere and indicate that it is also anomalously thin 

beneath the region.  Lithospheric thickness minimums (~60 km) correlate well with 

crustal minimums (Posgay et al., 1995) and heat flow maximums (e.g., Ádám, 1978; 

Lenkey, 1999).  

Besides the geophysical information mantle xenoliths, hosted in alkali basalts 

(see details later) provide direct evidence of the nature of the subcontinental 

lithospheric mantle beneath the Intra-Carpathian Basin System.   

II.4 Neogene-Quaternary volcanic activity 

 Development of the Intra-Carpathian Basin System, as well as the thrusting 

and folding of the Carpathians was accompanied by widespread and various volcanic 

activities during the period from the Neogene to Quaternary.  The volcanic products 

can be subdivided into four major genetic types: 1) Miocene silicic volcanism; 2) 

Miocene to Pliocene potassic and ultrapotassic volcanism; 3) Miocene to Quaternary 

calc-alkaline volcanism and 4) Late Miocene to Quaternary alkaline volcanism (Szabó 

et al., 1992; Harangi, 2001).  
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 These volcanic rocks cover considerable areas of the Intra-Carpathian Basin 

System, however the majority of the magmatic products is covered by young 

sediments (Harangi, 2001). In the following section, timing, geodynamic position and 

major chemical characteristics of the different magma types will be shown.  

 

Miocene silicic volcanism 

 Silicic pyroclastic rocks were the first volcanic products during the Miocene 

evolution of the Intra-Carpathian Basin System. These volcanic products originated 

by voluminous explosive eruptions. The volcanic activity occurred repeatedly 

resulting in large volume of ignimbrites (e.g., Szakács et al., 1998).  The volcanic 

series is traditionally subdivided in to three units, however recent studies showed that 

age and paleomagnetic data give large scatter.  The volcanic rocks are produced by a 

more or less continuous volcanism from multiple eruption centers.  

 The petrogenesis of Miocene silicic magmas is believed to be related to 

intermixing of mantle derived melts and crustal origin partial melts.  According to 

Harangi (2001) their recent position (along the margin of the ALCAPA and the 

TISZA-DACIA blocks – Mid Hungarian Zone) suggests that at least the early part of 

the volcanism resulted because of strike-slip tectonic movements along the margin of 

the two microplates.   

 

Miocene-Pliocene potassic and ultrapotassic volcanism 

 Rocks related to these magmatic processes are minor among other Neogene 

volcanic products of the Intra-Carpathian Basin System.  Their formation, partial 

melting of metasomatized lithospheric mantle, worldwide is suggested to be related to 

lithospheric stretching or upwelling of hot asthenospheric material as demonstrated by 

Thompson et al. (1989).  The spatial distribution of these rock types is restricted to the 

central and south-western portion of the basin system (e.g., Harangi et al., 1995).   

 The occurrence of these rocks indicates partial melting of a strongly 

metasomatized, phlogopite bearing mantle.  According to Harangi (2001) the main 

period of the formation of potassic and ultrapotassic rocks on the ALCAPA-block is 

coeval with the main rifting period of the Intra-Carpathian Basin System (Harangi, 

2001). 
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Miocene-Quaternary calc-alkali volcanism 

 Calc-alkali volcanic complexes surround the Intra-Carpathian Basin System.  

Most of the calc-alkali volcanic products, however, are buried in the central and 

eastern Pannonian Basin (e.g., Széky-Fux and Pécskay, 1991).  The age distribution of 

calc-alkali volcanic complexes is strikingly systematic: being oldest in the 

westernmost parts of the Basin system from 16.5 Ma in the northern part  to 0.15 Ma 

in the southeastern edge of the basin system (e.g., Pécskay et al., 1995). 

 The composition of these calc-alkali magmatites is typical of subduction 

related magmas (Harangi, 2001).  Their generation is originally interpreted as the 

result of introduction of fluids to the mantle wedge from the subducted slab and 

sediments (e.g., Harangi, 2001).  Recently, however, the production of calc-alkali 

melts in extensional regions has been also pointed out (Hawkesworth et al., 1995; 

Wilson et al., 1997).  In this case the partial melting takes place due to decompression 

in an earlier metasomatized lithospheric mantle.  This model was suggested for calc-

alkaline volcanic rocks in the Northern Pannonian Basin (e.g., Konečný et al., 1995).  

Chemical composition of the rocks suggests mixing between enriched-asthenosphere 

derived magmas and metasedimentary lower crust.  In contrast, calc-alkali rocks at the 

eastern Carpathians show evidence for direct relationship with subduction along the 

Carpathian Arc (e.g., Szabó et al., 1992) Their evolution is suggested to be complex 

process involving subduction enriched mantle source and upper crustal contamination 

(Harangi and Downes (2000). 

 

Late Miocene-Quaternary alkali volcanism (mantle xenolith bearing) 

 The volcanism produced mafic rocks (e.g., Embey-Isztin and Dobosi, 1995), 

occurring in several isolated fields in the Intra-Carpathian Basin System (Styrian 

Basin Volcanic Field-SBVF, Little Hungarian Plain Volcanic Field-LHPVF, 

Bakony—Balaton Highland Volcanic Field-BBHVF, Nógrád-Gömör Volcanic Field-

NGVF, Persány Mountains (Eastern Transylvanian Basin) Volcanic Field-ETBVF; 

Figure II.3).  The volcanism began first (10-12 Ma) in the western (Styrian Basin) part 

of the Intra-Carpathian Basin System (e.g., Balogh et al., 1986, 1994).  It culminated 

in all volcanic fields at 3-5 Ma.  The last eruptions yielding mantle xenolith-bearing 

volcanic products occurred around 0.8 Ma in the Persány area (Mihaila and Kreutzer, 

1981).  Phreatomagmatic to magmatic eruptions characterized the volcanism resulting 
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in various volcanic forms (e.g., Harangi and Harangi, 1995; Németh  and Martin, 

1999). 

 Major element composition of the mantle derived melts implies that they 

represent primary magmas.  Trace element composition indicates subduction related 

component in the source region of most of the magmas (Downes et al., 1995; Harangi, 

2001).  Partial melting occurred at 80-100 km mantle depth, in the garnet stability 

zone (Embey-Isztin and Dobosi, 1995; Harangi et al., 1995). 

 The volcanism can be classified as post-extensional volcanic activity (Embey-

Isztin and Dobosi, 1995; Harangi, 2001) and was generated due to the upwelling of 

EAR-type asthenospheric material, possibly induced by thin-spot effect (Thompson 

and Gibson, 1991) of the thin lithosphere beneath the Intra-Carpathian Basin System. 

 Alkali basaltic magmas themselves reflect nature and characteristics of the 

mantle source they have been derived from.  Nevertheless, the curiosity of some of 

the Intra-Carpathian Basin System alkali basalts is the high abundance of upper 

mantle wall-rock fragments, i.e., mantle xenoliths.  They occur both in pyroclasts and 

lava flows. 
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III. Textural evolution, fabric development and the 
nature of deformation in the upper mantle 
 
III.1 Textural nomenclature of mantle xenoliths 
 Structural studies of mantle-derived peridotite fragments, i.e., peridotite 

massifs and mantle xenoliths, revealed that these rocks have distinctive textures and 

adjoining structures.  Early studies on mantle rocks (e.g., Mercier and Nicolas, 1975; 

Pike and Schwartman, 1977; Harte, 1977) suggested that observed textures represent 

deformation history and evolution of the mantle fragment the rock has been derived 

from. 

 Mantle deformation is reflected as the continuous and systematic changes in 

grain size, geometry of the grain boundaries, dislocation density (e.g., Mercier and 

Nicolas, 1975).  These factors are controlled by recrystallization, which involves the 

growth of new, relatively strain free grains (neoblasts) lowering the strain energy of 

the aggregate (Ross et al., 1980).  It should be noted that recrystallization might occur 

under both static (annealing) and dynamic conditions.  The appearance of spinel, the 

most sensitive to stress, also provides valuable information on the deformation state of 

the studied mantle section.   

Mercier and Nicolas (1975) distinguished three main textural groups with 

respect to the state of recrystallization (i.e., the factors mentioned above). 

Protogranular textural group (Figure III.1) is characterized by coarse grain size (2-5 

mm), curvilinear grain boundaries.  

 

PDF created with FinePrint pdfFactory trial version http://www.fineprint.com

http://www.fineprint.com


Chapter III. Textural evolution, fabric development and the nature of deformation in the upper mantle       18 

 
 

Figure III.1 Protogranular spinel lherzolite from the SBVF with curvilinear grain boundaries and 

coarse spaced subgrain walls – indicated with red line.  Note vermicular shape of spinel and its intimate 

textural relation with pyroxenes. ol – olivine; opx – orthopyroxene; cpx – clinopyroxene; sp – spinel. 

Cross polarized light image. 

 

 Olivine crystals contain well-recovered kink-bands (low dislocation density), which 

are generally parallel to (100).  Spinels are around 1 mm in grain size and show 

intimate textural relation with clinpyroxene and orthopyroxene.  Only weak lattice 

preferred orientation (LPO) is observed on the olivine and orthopyroxene crystals.  

This textural group in accordance with its geochemical characteristics (see Chapter 

VI.) is presumed to represent the most undeformed, most pristine mantle among the 

studied mantle fragments.  The porphyroclastic textural group (Figure III.2) 

represents mantle material, which is characterized by a double maximum in grain size 

distribution of constituent olivine, orthopyroxene and rarely clinopyroxene.  Internal 

strain features (weakly recovered kink-bands) in the coarse grains, related to large 

dislocation density are often observed.  The coarser grains (i.e., porphyroclasts) are 

generally characterized by considerable aspect ratios.  The long axes of the 

porphyroclasts are generally sub-parallel if observed, to the foliation.  Lattice 

preferred orientation in the porphyroclasts is moderate to strong.  Matrix grains, 

surrounding the porphyroclasts are fine-grained, generally isometric and lack internal 

strain features.  These matrix grains are addressed as neoblasts.  The generation of 

neoblasts is believed to be related to recrystallization related to recovery processes.  

However, orientation analysis in neoblasts next to porphyroclasts, showing   
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Figure III.2 Porphyroclastic spinel lherzolite from the LHPVF with elongated porphyroclasts and 

isometric recrystallized grains (in the highlighted area) displaying significant grain size reduction. ol – 

olivine; opx – orthopyroxene; cpx – clinopyroxene; sp – spinel. Cross polarized light image. 

 

 

 

 

 
Figure III.3 Porphyroclastic spinel lherzolite from the ETBVF with elongated porphyroclasts and 

recrystallized grains (-r). ol – olivine; opx – orthopyroxene; cpx – clinopyroxene; sp – spinel. Cross 

polarized light image. 
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orientation similar to the porphyroclasts, revealed that neoblast formation, at least 

partly, maybe a syn-kinematic process (Mercier and Nicolas, 1975).  Some rare 

xenoliths, however contain elongated matrix grains sub-parallel to the long axis of 

elongated porphyroclasts (Figure III.3).  These matrix grains often display undulouse 

extinction reflecting the distortion of the crystal lattice related to large dislocation 

density.  These crystals are presumably syn-kinematic and were formed due to 

dynamic recrystallization.  Lattice preferred orientation (LPO) of such matrix grains is 

strong and is often similar to the LPO of porphyroclasts, however significant 

differences may also arise (e.g., Zhang et al., 2000)  It is still a question of debate how 

these matrix grains escaped annealing.  Spinel crystals exhibit the characteristic holly-

leaf structures and are strongly elongated sub-parallel to the main lineation 

determined by elongation of porphyroclasts (Mercier and Nicolas, 1975). 

The increasing ratio of recrystallized (and annealed) grains is characteristic of 

the equigranular textural group.  This group is traditionally subdivided in to two 

subgroups with respect to grain dimensions.  Texture of equi-axed grains is addressed 

as mosaic-equigranular (Figure, III.4), whereas that with flattened or elongated grains 

is called tabular equigranular (Figure III.5).  Tabular equigranular xenoliths are 

suggested to represent static recrystallization process of originally foliated material 

(Passchier and Trouw, 1995), whereas mosaic equigranular texture could develop 

after tabular equigranular texture or directly from porphyroclastic texture through 

static recrystallization.  Grain boundaries are generally straight or gently curved.  

Triple junctions in both types often occur, indicating textural equilibrium and 

annealing.  Spinel is scattered in the rock and occurs either as inclusions or in triple 

junctions, generally as small rounded crystals.  Annealing, governing grain growth 

produces secondary textural types, which based solely on structural analyses are 

difficult to distinguish from primary textures. Spinel, occurring as inclusion may be 

the only evidence for the secondary nature of the observed texture.   
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Figure III.4 Mosaic equigranular spinel lherzolite with equi-axed (isometric) grains from the BBHVF.  

Grain boundaries are convex, straight or gently curved.  Note large grain size with respect to 

recrystallized grains in the porphyroclastic lherzolite (Figure III.2). ol – olivine; opx – orthopyroxene; 

cpx – clinopyroxene; sp – spinel. Cross polarized light image. 

 

 

 

 

 
Figure III.5 Tabular equigranular spinel lherzolite from the BBHVF with flat grains.  Section prepared 

perpendicular to the foliation, subparallel to the macroscopic lineation. ol – olivine; opx – 

orthopyroxene; cpx – clinopyroxene; sp – spinel. Cross polarized light image. 
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Poikilitic texture (Figure III.6) is suggested to be a secondary textural type (e.g., 

Mercier and Nicolas, 1975) .  It is characterized by coarse grains (~2-4 mm) with 

straight or gently curved grain boundaries and often-occurring triple junctions.  

Neither undulouse extinction nor kink bands occur in this textural type.  Spinel 

crystals are generally small rounded or euhedral inclusions in olivine and 

orthopyroxene.   

 

 
 

Figure III.6 Secondary recrystallized (“poikilitic”) spinel harzburgite from the BBHVF with coarse 

grains and curvilinear (!) grain boundaries.  Spinel crystals only occur as isometric or spherical 

inclusions in silicate phases. ol – olivine; opx – orthopyroxene; cpx – clinopyroxene; sp – spinel. Cross 

polarized light image. 

 

III.2 Intracrystalline deformation 
 Deformation in rocks is achieved by a large number of processes on the scale 

of individual grains (Passchier and Trouw, 1995).  The actual processes involved 

depend on lithological (internal) controlling factors such as mineralogy, presence and 

composition of the intergranular fluid, grain size, lattice-preferred orientation (LPO), 

porosity and permeability; and on external controls such as temperature, lithostatic 

pressure, differential stress, fluid pressure and externally imposed strain rate.  In the 

following section the influence of both internal and external factors will be 

highlighted, which drive textural and structural development of the observed 
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microstructures in the mantle peridotites studied in this work through olivine, the 

dominant mineral phase in the mantle. 

 Numerous experimental studies (e.g., Carter and Avé Lallement, 1970) and the 

analysis of natural samples (e.g., Mercier and Nicolas, 1975) revealed that olivines, 

major constituents of peridotitic rocks, respond to stress with intracrystalline 

deformation at mantle conditions and realistic strain rates (<10-8).  Intracrystalline 

deformation is related to the motion of crystal lattice defects (i.e., vacancies, 

dislocations).  Among intracrystalline deformation types in the shallow mantle 

dislocation plastic mechanisms are the most common. During this type of 

intracrystalline deformation strain is achieved by the slip of dislocations within grains.   

Dislocations, linear defects in the crystal lattice are generated around 

impurities in the crystal, i.e., fluid or solid inclusions, microcracks, etc.  Dislocations 

are generated by stress and form dislocation loops, which are the source of subsequent 

dislocations (Figure III.7) called a Frank-Read source (Weertman & Weertman 

1964).  Such sources are essential for significant plastic deformation.   

 

 

Figure III.7 A Frank-Read source for the 

multiple initiation of dislocation loops. A 

dislocation is pinned in the basal plane at two 

ends by either impurities or an immobile non-

basal dislocation. If a shear stress is resolved onto 

the basal plane, the dislocation line becomes 

unstable and begins to bow. With increasing 

stress, the line bows back onto itself to produce a 

new loop that is free to propagate, and a section 

that remains pinned, which may initiate more 

loops. 

 

Generation and motion of dislocations is crystallographically controlled.  

Dislocations are usually represented by dislocation lines, which delineate the core of 

dislocations and the Burgers vector, which describes both the magnitude and the 

direction of slip (Figure III.8).  An alternative way of describing dislocation motion is 

using slip plane instead of dislocation lines (Figure III.8).  The slip plane and the 

Burgers vector define a slip system, which may be characteristic for a mineral at 
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certain physical conditions (Passchier and Trouw, 1995).  Slip systems are marked in 

the following way: (slip plane)[slip direction]. 

 

 

Figure III.8 Simplified cartoon describing 

intracrystalline slip with dislocation line + 

Burgess-vector (b) and with slip plane + Burgess-

vector (b).  τ – stress direction. 

 

Slip systems of olivine crystals, being the subject of many deformation 

experiments (e.g., Carter and Avé Lallement, 1970, Boullier and Nicolas, 1973; 

Nicolas and Christensen, 1987; Suhr, 1993) are well defined.  The activation and 

dominance of slip systems in olivine are strongly temperature dependent (e.g., Avé 

Lallement and Carter, 1970).  At 'low' temperature (700-900 oC), slip systems 

(010)[001] (Nicolas and Christensen 1987) or {110}[001] (Carter and Avé Lallement 

1970) have been reported (Figure III.9a).  At medium temperatures (~1000 oC) the 

{0kl}[100] slip system, i.e., “pencil glide” is dominant (Figure III:9b).  At high 

temperatures, above 1000 oC (010)[100] is the only active slip system (Figure III:9c).   
 

 

Figure III.9 Simplified cartoon 

displaying olivine slip systems with 

respect to temperature (at strain rate ~ 

1x10-6; Carter and Avé Lallemant, 

1970). a) low temperature {110}[001]-

slip; b) medium temperature 

{0kl}[100]-slip – “pencil glide”; c) high 

temperature (010)[100]-slip and 

(100)[001]-slip, however the activation 

of the latter is often attributed to H2O 

activity or simple geometrical reasons 

(see text for details).  
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The activation of (100)[001] slip system was observed in high-temperature (>1000 
oC) deformation experiments (e.g., Zhang et al., 2000).  Its activation is either related 

to H2O activity but may be also dependent on geometrical reasons (e.g., highest 

Schmid-factor*; Figure III.10).   
 

 

Figure III.10 Geometrical constrains of the 

Schmid-factor on a simplified cartoon. φ - 

angle between slip plane normal (n) and the 

applied force; λ – angle between slip direction 

and applied force. 

 

One important effect of intracrystalline slip deformation is the development 

lattice preferred orientation (LPO; e.g., Mercier and Nicolas, 1975).  Even if 

microscopic features indicating deformation are not visible, lattice preferred 

orientation might be treated as a strong evidence for intracrystalline deformation in 

the studied rock (e.g., Vauchez and Tommasi, 2003), which demonstrates that the 

deformation of the given material took place in the dislocation creep regime. 

_____________________________________________________________________ 
*The applied force along the tensile axis is F=σA. If slip occurs on the slip plane shown in Figure III.10, with 
plane normal n, then the slip direction will lie in this plane. We can calculate the resolved shear stress acting 
parallel to the slip direction on the slip plane as follows. 
The area of the slip plane is A/cosφ, where φ is the angle between the tensile axis and the slip plane normal.  
The component of the axial force F that lies parallel to the slip direction is F cos λ. The resolved shear stress on the 
slip plane parallel to the slip direction is therefore given by: 

λφ
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λ

τ coscos
cos/
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plane slip of area
plane slipon  acting force resolved
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F
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F

R ===
 

It is found that the value of tR at which slip occurs in a given material with specified dislocation density and purity 
is a constant, known as the critical resolved shear stress tC. This is Schmid's Law. 
The quantity cos f cos l is called the Schmid factor. The tensile stress at which the crystal starts to slip is known as 
the yield stress sy, and corresponds to the quantity F/A in the above equation. 
Symbolically, therefore, Schmid's Law can be written: 

τC = σy cos φ cos λ 
In a given crystal, there may be many available slip systems. As the tensile load is increased, the 

resolved shear stress on each system increases until eventually τC is reached on one system. The crystal begins to 
plastically deform by slip on this system, known as the primary slip system. The stress required to cause slip on the 
primary slip system is the yield stress of the single crystal. As the load is increased further, τC may be reached on 
other slip systems; these then begin to operate. 
From Schmid's Law, it is apparent that the primary slip system will be the system with the greatest Schmid factor. 
It is possible to calculate the values of cos φ cos λ for every slip system and subsequently determine which slip 
system operates first.  http://www.msm.cam.ac.uk/doitpoms/tlplib/BD4/slip_geometry.php 
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III.3 Recovery and recrystallization 
 During deformation the free dislocations nucleate and migrate in the crystal 

lattice, which increases the “internal strain energy” (elastic strain energy) of the 

system.  Internal strain energy is proportional to dislocation density, which means the 

number of dislocations per unit volume in the crystal lattice (Passchier and Trouw, 

1995).  Certain processes, however in the crystals can decrease dislocation density, 

i.e., the internal strain energy by ordering and annihilating dislocations, following the 

thermodynamic principle to minimize total free energy in a system.  Dislocations in 

the crystal lattice can be grouped into planar networks.  These networks may be 

addressed as subgrain walls, which separate crystal fragments, i.e., subgrains (Figure 

III.11).  These grains are slightly misoriented with respect to the host grains.  The 

orientation of subgrain walls strongly depends on the slip system of dislocation, which 

accumulate in it (Trepied et al., 1980). 

 

 

Figure III.11 Schematic representation of 

recovery.  During recovery dislocations (marked 

by red spheres) order in to subgrain walls 

separating subgrains, simultaneously their number 

decreases due to their annihilation.  Note angular 

deviancy between subgrains (indicated by 

subparallel blue lines). 

 

 Another way of lowering internal strain energy in a system of crystal lattices is 

to generate or increase the ratio of crystals with lower internal strain energy (lower 

dislocation density, i.e., to recrystallize the mineral assemblage during deformation.   
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 Dynamic recrystallization occurs during deformation, which reworks an 

existing grain texture.  Dynamic recrystallization may be separated into two end-

member processes: rotational- and migration dynamic recrystallization.  Rotational 

recrystallization involves progressive crystallographic misorientation without 

significant migration of the grain boundary.  Moreover, orientation relationships with 

the parental grain can still be recognized (Urai, 1983; Lloyd et al., 1997).  Grain 

boundary migration recrystallization conversely is driven by strain energy differences 

between adjacent grains (Lloyd et al., 1997).  Grains with lower internal strain energy 

grow at the expense of those with larger dislocation density.  Orientation relationships 

with the parental grains (if it is correct to call them like this) are not recognizable.  

Rotational and migration recrystallization are related and often cyclical processes, 

which drive dynamic recrystallization during deformation.  Dynamic recrystallization 

is suggested to be extremely important in overlapping gaps generated during 

heterogeneous deformation (Zhang et al., 2000).   

 Dynamic recrystallization (e.g., induced by rifting) is replaced by static 

recrystallization after the ceasing of deformation (e.g., thermal phase after rifting).  

Static recrystallization is a thermally induced process.  It is suggested to occur during 

annealing following the deformation (Lloyd et al., 1997).  However the presence of 

intracrystalline melt/fluid may also considerably facilitate static recrystallization and 

grain growth (e.g., Bussod and Christie, 1991).  This process involves grain boundary 

migration and grain growth, thus significant changes in LPO, generated during the 

dynamic part of the recrystallization are expected.  However, in some natural 

examples static annealing does not considerably change earlier LPO (Vauchez and 

Garrido, 2001).  The preserved lattice preferred orientation may provide valuable 

information on the physical conditions characterizing deformation. 

III.4 Recrystallized grain size 

 Systematic variations in grain size were recognized early in the study of 

mantle peridotites and this feature was incorporated into the textural classification of 

these rocks (e.g., Mercier and Nicolas, 1975).  Protogranular peridotites are coarse 

grained with grain size (for olivine and orthopyroxene) ranging from 2 to 10 mm.  

Conversely, equigranular peridotites constitute of finer (0.5-1 mm) grains.  This clear, 

continuous decrease in grain size is attributed to recrystallization and the formation of 

neoblast with lower dislocation density, lowering internal strain energy of the system.  
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Empirical relationships between differential flow stress and recrystallized grain size in 

olivine rocks have been formulated using recrystallized grain size distribution in the 

rocks (e.g., Avé Lallement et al., 1980; Van der Wal, 1993).  This correlation 

provided opportunities to estimate stresses driving deformation and inducing 

recrystallization.  Thus, recrystallized grains size of olivines could be used as paleo-

piezometers (Van der Wal, 1993) 

 However, many technical and fundamental problems arise with these paleo-

stress estimations.  Several experiments were preformed on single crystals (e.g., 

Karato et al., 1980), and it is a problem to relate single crystal microstructural data to 

polycrystalline aggregates.  Further problems arise with the presence of second phase, 

namely orthopyroxene in most of the mantle-derived rocks.  Although recently 

experiments explored the effect of the presence of orthopyroxene (Ji et al., 2001) on 

the bulk rheological behavior of the rocks, however detailed study of the effect on 

recrystallized grain size have not been preformed. 

 Despite the uncertainties in precise estimation of flow stresses, recrystallized 

grain sizes will be used in this work to compare flow stresses, which developed 

distinct textural types.  It must be noted here that recrystallized grain size not only 

depends on paleo-flow stresses, but also is dependent on annealing and associated 

grain growth.  

 

III.5 Melt-rock interaction 
 Evidence on the presence of partial melts is often observed in upper mantle 

rocks.  Distribution of these liquids is very important.  Liquid/solid interfacial 

geometries are driven towards steady state configuration due to surface tension (Waff 

and Faul, 1992).  If surface energies and tensions were isotropic, constant wetting 

angles and constant liquid-solid interface curvature would be expected (Bulau et al., 

1979; Cooper and Kohlstedt, 1982; Toramaru and Fujii, 1986).  However, 

observations indicate that significant deviations exist from the suggested model  

(Waff and Faul, 1992).   

 Detailed study on melt distribution in natural and synthetic samples revealed 

that deviancy in geometry of liquid-crystal interfaces from the theoretical isotropic is 

related to the generation and stability of flat, crystal faces.  This crystallographically 

controlled phenomenon results due to low free energy on certain low index crystal 
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faces.  These crystal faces in olivine (in the olivine-basalt system), according to 

universal stage measurements are perpendicular to the [b]-axis and parallel to (010) 

(Waff and Faul, 1992).  All of the flat (010) faces seemed to be wetted.  There were, 

however, other (010) faces observed that were not wetted.  It is suggested that grains 

only in contact with melt will exhibit such flat (faceted) faces. 

Faceted interfaces occur already at low melt fractions, even below 1 vol% 

(Waff and Faul, 1992).  The presence of flat interfaces will increase permeability of 

the rock parallel to these interfaces.  This feature becomes especially important in 

regions where the lattice preferred orientation of olivine is pronounced, e.g., mid-

ocean ridges (e.g., Christensen, 1984), continental rifts (Tommasi and Vauchez, 

2001).  Due to dominant slip system (010)[100] in olivines at upper mantle conditions 

(see earlier) in these rift zones olivine ‘a’ axes ([100]) tend to align sub-parallel to 

major extension directions (Figure III.12), whereas [b]-axes are dominantly 

perpendicular to the Earth’s surface with the exception of the axial zone below the 

ridge, where [a]-axes would be perpendicular to the surface and [b]-axes subparallel 

to it.  This geometry aligns (010) faces subparallel to the surface (or perpendicular 

beneath the axial zone), which enhances permeability sub-parallel to the surface and 

diminishes it in horizontal direction (Waff and Faul, 1992).  The opposite effect is 

accepted in the axial zone beneath the ridge.  This phenomenon would focus melt into 

the axial zone of the mid-ocean ridge areas but would also inhibit small melt fractions 

from rising under gravitational buoyancy and, thus, these melt fractions would 

solidify at the base of the lithosphere.    

 

Figure III.12 Lattice 

preferred orientation of 

olivine with (010) faces 

being subhorizontal.  

Connected melt pores and 

easy melt migration will also 

be subhorizontal.  Vertical 

motion of melt is difficult, 

due to poor vertical 

connectivity. 

 

PDF created with FinePrint pdfFactory trial version http://www.fineprint.com

http://www.fineprint.com


Chapter IV.  Petrographic characterization of mantle xenolits 30 

IV. Petrographic characterization of mantle xenoliths 

 

 Samples selected for this study were analyzed in details under polarized light 

microscope (Nikon Eclipse 600) and in some special cases (very fine grain size) with 

scanning electron microscope (SEM-Amray 1810I).  SEM was used in those cases where the 

magnification and/or resolution of the light microscope was insufficient to ascertain textural, 

mineralogical features (typically below 30-40 micron average grain size).  The goal of 

detailed microscopy was manifold.  First to perform "conventional" petrographic 

observations: modal composition of the studied samples; classical textural classification 

(using the directives of Mercier and Nicolas [1975]); to detect metasomatic effects, partial 

melting and mineral reactions.  Secondly, detailed microscopy was used to detect and 

describe deformation features observed in the samples.  Special attention was paid to the 

texture of the mantle derived xenoliths.  Moreover, deformation microstructures present in the 

studied rocks e.g., grain shape (aspect ratio), grain size, the nature of the grain boundary 

(straight, gently curved, curvilinear, lobated, etc.), geometry of grain contacts (the presence or 

the absence of triple junctions) were also studied.  Optical features of the minerals, especially 

olivines, which are the dominant phases in the studied mantle derived samples, were analyzed 

in detail.  Undulouse extinction, kink bands and subgrain formation were traced and when 

possible, were quantified.  The nature (dynamic or static; subgrain rotation recrystallization or 

grain boundary migration recrystallization) and the extent of recrystallization was also 

studied.   

 The description of rocks selected for detailed study will be represented based on 

xenolith locations.  Table IV.1 summarizes the most important petrographic features of the 

analyzed samples. 

 

Styrian Basin Volcanic Field (SBVF) 
 More than 50 samples were looked through macroscopically from this xenolith 

location, which lies on the western margin of the Intra-Carpathian Basin System (Figure II.3).  

Nevertheless, no samples were found indicating any type of macroscopic deformation 

features.  Those xenoliths analyzed in detail (some rock samples [Kf4, Kf5] were studied by 

Vaselli et al. [1996], whereas Kf3 and Kf17 by Falus et al. [2000]) are all spinel lherzolites 

(Table IV.1) that have dominantly protogranular texture with only minor recrystallization 

going on in sample Kf5.  Grain size is coarse (2-4 mm), grain boundaries are curvilinear  
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                                 Modes (vol%)    
Location Sample Texture Grain 

boundary 
ol opx cpx sp npp 

  Kf31 pr curv 60 25 13 2 amp 
SBVF Kf42 pr/po s/gc 50 32 16 2 amp 
  Kf52 po s/gc 70 17 9 4 amp 
  Kf171 pr curv 62 20 16 2   
  GC03-05 po/equ s/gc 73 17 6 4   
  GC03-06 po curv 76 18 4 2   
  GC03-10 po/equ s/gc 90 9 1 0   
  GC03-12 po curv-s/gc 71 22 6 2   
  GC03-12b po curv-s/gc 81 12 5 3   
LHPVF GC0314 po curv-s/gc 73 23 3 1   
  ghh02 po/equ s/gc 90 5 4 1   
  ghh02b po/equ s/gc 66 25 8 2   
  gko02 po s/gc 74 21 4 1   
  GC06 po s/gc 90 3 5 2   
  GC08 po/equ s/gc 86 4 8 1   
  Szb03-02 pr s/gc 58 29 12 2   
  Szb03-04 mos-equ s/gc 77 16 6 1   
  Szb03-07 poik curv* 76 21 2 1 mp 
  Szb213 TK mos-equ s/gc 73 21 5 1 mp 
  Szb21 mos-equ s/gc 72 15 12 1 mp 
  Szb28 po s/gc 74 13 12 2   
  Szb34 tab-equ s/gc 81 13 6 0 mp 
  Szb6 mos-equ s/gc 86 8 5 1   
  Szba1 tab-equ s/gc 78 16 5 1   
  Szba2 mos-equ s/gc 77 14 9 1 mp 
  Szba4 poik s/gc 62 20 12 6   
  Szbd-1 pr curv 87 9 3 0   
  Szbd-4 po s/gc 80 17 3 1   
  Szbd-5 tab-equ s/gc 77 15 7 1   
BBHVF Szbd-6 po s/gc 76 15 7 1   
  Szbd-7 mos-equ s/gc 80 13 6 1   
  Szbd-8 tab-equ s/gc 77 15 7 1   
  Szbd-9 po s/gc 82 14 2 1   
  Szbd-10 tab-equ s/gc 75 17 7 1 mp 
  Szbd-11 poik curv* 80 15 4 1   
  Szbd-13 pr s/gc 75 14 10 1   
  Szbd-14 tab-equ s/gc 75 20 4 1   
  Szbd-15 tab-equ s/gc 86 10 3 1 mp 
  Szbd-16 poik curv* 61 31 6 1   
  SzbP-15 pr s/gc 81 14 4 1   
  Szb99/26 mos-equ s/gc 77 12 10 1   
  Szgk03-01 tab-equ s/gc 78 19 3 1   
  Szgk99/04 po s/gc 73 18 8 1   
  Tih03-02 mos-equ s/gc 91 7 2 0 mp 
  Tih03-12 poik curv* 89 9 2 0   
  Tih03-13 poik curv* 83 16 1 0   
  NBN273 equ s/gc 76 15 8 1   
  NBN303 equ s/gc 75 16 7 2   
NGVF NBN523 equ s/gc 79 13 7 1   
  NFL153 equ s/gc 68 16 11 3 amp 
  NMS032 po s/gc 65 20 13 2   
  BG184 pr curv 61 25 12 2   
  BG154 fol s/gc 66 19 13 2   
  LGR094 fol curv 68 17 23 2 amp 
ETBVF LGR03-01 myl s/gc 60 25 13 2   
  LGR03-04 myl s/gc 59 23 18 2   
  NVTR03-01 myl s/gc 64 22 14 2   
  Rk99/04 myl s/gc 57 25 15 3 amp 
Table IV.1 Modal composition of mantle xenoliths studied in detail. Ol – olivine; opx – orthopyroxene; cpx – 
clinopyroxene; sp – spinel; npp – non primary phases, pr – protogranular, po – porphyroclastic, equ – 
equigranular, mos – mosaic, tab – tabular, poik – poikilitic, curv – curvilinear; curv* – secondary origin 
curvilinear, s/gc – straight/gently curved, amp – amphibole, mp – silicate melt pocket. Analyzed earlier by (1) 
Vaselli et al. (1996); (2) Falus et al. (2000); (3) Szabó and Taylor (1994); Vaselli et al. (1995). 
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(Figure IV.1).  Internal strain features in the coarse grains are relatively seldom.  

Clinopyroxene lamellae in large orthopyroxenes are rarely observed lamellae (Figure IV.1).  

Orthopyroxene-clinopyroxene-spinel clusters were found in the studied samples (Figure III.1) 

occupying 5-7 volume % of the sample.  These clusters are believed to represent former 

garnets (e.g., Smith, 1976; Falus et al., 2000).  The subordinate recrystallization, which 

affected about 3-5 vol% of the xenoliths produced relatively fine grained (300-500 microns) 

zones.  The crystals here are isometric and have straight or gently curve grain boundaries with 

often developed triple junctions.  The crystals lack all types of internal strain features, they 

display normal extinction.   

 

 
 

Figure IV.1 Porphyroclastic spinel lherzolite from the SBVF (Kf17).  Coarse grains with curvilinear grain 

boundary (indicated with red ellipse) of orthopyroxene with deformation twins are shown.  ol – olivine; opx – 

orthopyroxene; cpx – clinopyroxene; cpx-l – clinopyroxene lamellae; sp – spinel. Cross polarized light image.  

 

Little Hungarian Plain Volcanic Field (LHPVF) 
 Detailed study of 12 deformed xenoliths selected after looking through more than 200 

hand specimens was carried out in this xenolith location, which lies east, towards the central 

part of the basin relative to the SBVF (Figure II.3).  It is obvious even macroscopically that a 

marked change exists between grain size and modal composition of mantle derived samples 

from the SBVF and LHPVF (Table IV.1).  Microscopic observations show that grain size 

reduction is quite pronounced even in the texturally most undeformed xenoliths studied in the 

LHPVF.   

PDF created with FinePrint pdfFactory trial version http://www.fineprint.com

http://www.fineprint.com


Chapter IV.  Petrographic characterization of mantle xenolits 33 

 Samples selected for detailed study similarly to the findings of earlier works in the 

region (e.g., Szabó et al., 1995b; Embey-Isztin et al., 2000) display porphyroclastic, 

porphyroclastic/equigranular textures.  It is important to note that the study of Kurat et al. 

(1991) mentions also protogranular textured xenoliths.  However, this finding was not 

confirmed by subsequent studies (e.g., Szabó et al., 1995b)   

 The selected deformed samples show variable modal compositions ranging from 

pyroxene rich spinel lherzolites to orthopyroxene and especially clinopyroxene poor 

harzburgites (Table IV.1).  Moreover, 1 wehrlite (Table IV.1) was also found.  Texturally, the 

xenoliths can be subdivided in to two major groups with respect to shape and grain boundary 

of recrystallized grains 1) where the recrystallized grains are elongated subparallel to the long 

axis of porphyroclasts and often have curvilinear grain boundaries, moreover they generally 

exhibit undulouse extinction (group 1); and 2) where the recrystallized grains are equi-axed 

have straight/gently curve grain boundaries an lack internal strain features (group 2). 

 In Group 1 samples (GC03-06, GC03-12; GC03-12/b) porphyroclasts of the 

constituent phases are generally elongated subparallel to the macroscopic elongation, 

determined by the elongation of spinel crystals or fine-grained spinel patches, with an average 

grain size around 1-2 mm (long axis).  Aspect ratio of the porphyroclastic grains is around 1:2 

to 1:4.  Most of the porphyroclasts, display internal strain features in the form of undulatory 

extinction, finely spaced (5-10 microns) kink bands, which are subparallel to (100) in olivine 

porphyroclasts and the formation of subgrains (Figure IV.2).  A clear difference between 

undulouse extinction and finely spaced kink bands is only drawn by the resolution of the 

optical microscope.  Orthopyroxenes often exhibit deformation twins and exsolution lamellae 

of clinopyroxenes.  These lamellae are often kinked, bent or curved (Figure IV.3).  

Orthopyroxenes frequently develop subgrains.  Clinopyroxene porphyroclasts are rare, but 

when present, they also display internal strain features as deformation twins and kinked 

exsolution lamellae of orthopyroxene.  Clinopyroxenes in two special samples of this group 

(GC03-06, GC03-12) also contain crystallographically oriented spinel inclusions (parallel to 

(110) of the clinopyroxenes; Figure IV.4).  Grain boundaries of the porphyroclasts are 

irregular, strongly lobated.  They display abundant concave embayments, which are related to 

recrystallized bulging grains that pin inside the large deformed porphyroclasts.  Olivine 

porphyroclasts are generally pinned by recrystallized orthopyroxenes, whereas the deformed 

orthopyroxene porphyroclasts generally contain embayments of recrystallized olivine grains.   
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Figure IV.2 Large olivine porphyroclasts with fine spaced kink banding.  The average thickness of kink bands 

(subgrains), indicated by thin red lines, is 10-20 microns.  Porphyroclastic spinel lherzolite from the LHPVF 

(GC03-12). ol – olivine; opx – orthopyroxene; cpx – clinopyroxene; sp – spinel.  Cross polarized light image.  

 

 

 

 
 

Figure IV.3 Kinked clinopyroxene exsolution lamellae in an orthopyroxene porphyroclast, surrounded by 

recrystallized grains.  Porphyroclastic spinel lherzolite from the LHPVF (GC03-12). ol – olivine; opx – 

orthopyroxene; cpx – clinopyroxene; sp – spinel.  Cross polarized light image.  
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Recrystallized grains are finer grained than the porphyroclasts and have grain size typically 

around 100-300 microns.  They are generally elongated subparallel to the porphyroclasts and 

the macroscopic elongation exhibiting aspect ratios around 1:2.  It is also often observed that 

recrystallized grains display internal strain features (mostly the recrystallized olivines), 

mainly undulouse extinction.  Grain boundaries of the recrystallized grains can be irregular, 

strongly lobated.  This feature is especially true for the recrystallized pyroxene grains, 

although it also frequently observed among olivines.  Beside these types of recrystallized 

grains, those with straight or gently curved grain boundaries may also be subordinately 

observed.  These grains often connect in well developed triple junctions and lack any sign of 

internal strain features. 

 

 
 

Figure IV.4 Crystallographically oriented spinel rods in a clinopyroxene porphyroclast subparallel to (110) as a 

result of exsolution. Note that section is not perpendicular to [c]-axis. Porphyroclastic spinel lherzolite from the 

LHPVF (GC03-06) cpx – clinopyroxene; sp – spinel; f-sp – former spinel lost during sample preparation. SEM 

image. 

 

 A specific, unique feature (described and analyzed in detail by Falus et al. 2004) is 

observed among some of the group 1 xenoliths (and not only those selected for study namely 

in GC03-06 (and two other samples, which did not display macroscopic evidence for 

deformation).  Large (3-4 mm) rounded patches with more or less sharp boundaries were 

found.  These patches occupy 3-5 volume% of the studied samples.  These patches are 

symplectites composed of orthopyroxene, clinopyroxene and spinel that generally occur in the 

central part of the patches (Figure IV.5).  This grain assemblage is surrounded by euhedral 
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olivine grains and glass that also often infiltrates the symplectites.  The symplectites 

constitute mainly of orthopyroxene, which is the dominant mineral phase and constitutes the 

mass of the symplectites.  Clinopyroxene and spinel in the least recrystallized symplectites 

occur intimately intergrown in roughly the same volume ratios as elongated, vermicular forms 

"dispersed" in the mass of orthopyroxene (Figure IV.5).   

 

 
 
Figure IV.5 Pyroxene spinel symplectite with breakdown products and an enlarged image of the symplectite 

itself.  Intimate intergrowth of clinopyroxene and spinels can also be observed. Porphyroclastic spinel lherzolite 

from the LHPVF (GC03-06). opx – orthopyroxene; cpx – clinopyroxene; sp – spinel. SEM image. 

 

More intensively recrystallized patches lack the intimate intergrowth of clinopyroxene and 

spinel.  Clinopyroxenes are rather isometric, whereas spinel remains vermicular and is often 

surrounded by fine grained isometric spinel crystals (Figure IV.6).  Surrounding crystals of 
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the xenolith are generally rich in polyphase melt inclusions.  The symplectites are believed to 

represent former garnets, as shown by their chemical composition (See Chapter VIII. for 

details) 

 

 
 

Figure IV.6 Reacted pyroxene spinel symplectite with remnant orthopyroxene and vermicular spinel surrounded 

by breakdown products of symplectite: glass and euhedral olivine.  Note isometric occurrence of clinopyroxenes 

and spinel “rods” surrounded by isometric spinel grains. Porphyroclastic spinel lherzolite from the LHPVF 

(GC03-06). ol – olivine;  opx – orthopyroxene; cpx – clinopyroxene; sp – spinel; gl - glass. SEM image. 

 

 Group II xenoliths from the LHPVF (Gr06, Gr08, Gkh02, Gkh02/b, GC03-04, Gko-

07, GC03-05, GC03-10, GC03-14) also fulfill the textural criteria for porphyroclastic 

xenoliths, using the nomenclature of Mercier and Nicolas (1975).  The porphyroclasts in these 

rocks are somewhat finer grained (1-1.5 mm) than those in Group I and are mostly elongated, 

however, isometric porphyroclasts also occur.  Grain boundary of the crystals is curvilinear 

with pinning of recrystallized grains occurring occasionally.  The porphyroclasts display 

internal strain features, generally kink bands, but compared to those of Group I. these kink 

bands are much coarser, with average spacing around 40-60 microns.  Orthopyroxene 

porphyroclasts generally lack exsolution lamellae of clinopyroxenes, but may display 

deformation twins and irregular, lobated grain boundaries.  Whereas, clinopyroxene 

porphyroclasts are rare and occur only as recrystallized grains.    

 Recrystallized grains are mostly isometric with fine grain size (100-200 microns). 

Some recrystallized grains are elongated, and may have aspect ratios around 1:2 to 1:4, but 

these are atypical.  Grain boundaries are almost always straight or gently curved.  These 
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grains always lack internal strain features.  Some recrystallized grains of olivine, similarly to 

Group I. xenoliths, may form ribbon structures. 

 

Bakony--Balaton Highland Volcanic Field (BBHVF) 
 The volcanic field, consisting of more than 200 former eruption centers (Németh and 

Martin, 2002) is the largest and most spectacular volcanic field of alkali basalts in the Intra-

Carpathian Basin System (Figure II.3).  Samples from three xenolith locations (Szentbékkálla, 

Szigliget and Tihany) were studied in detail.  Among the studied samples those from 

Szentbékkálla were selected in the largest number (30) because this location provides the 

texturally most variable xenoliths and not negligibly these rocks are quite fresh.  Two 

texturally special samples were selected from Szigliget and 3 from Tihany.  Although Tihany 

samples are not "special" texturally, their scarcity and absence from earlier xenolith studies 

together with their relatively old sampling age, with respect to other, better known locations 

of the BBHVF justifies their detailed study. 

 

Szentbékkálla 

 Xenoliths selected from Szentbékkálla are mostly equigranular, but porphyroclastic, 

protogranular and also secondary recrystallized “poikilitic” ones were studied.  All samples 

display macroscopic deformation features, i.e., lineation formed by elongated crystals, mostly 

spinels and also rarely compositional layering.  In some cases, macroscopic lineation is 

caused by the elongation of melt pockets. 

 Several protogranular xenoliths (Szb03-02, Szbd-1, Szbd-13, Szb-P-15) displaying 

macroscopic deformation were found.  The selected xenoliths are pyroxene and spinel rich 

spinel lherzolites (Table IV.1).  Macroscopic deformation features, i.e., compositional 

layering of pyroxene and spinel and olivine-rich bands, and foliation are frequently observed.  

The grains are also elongated and exhibit aspect ratios around 1:2.  Moreover, spinels may 

exhibit even more extreme aspect ratios of 1:3-1:4.  Average grain size is coarse, most of the 

grains reach 5 mm in diameter.  Grains only very rarely display internal strain features. When 

so, they occur as widely spaced (~500 microns) kink bands.  Furthermore, orthopyroxene 

grains may contain exsolution lamellae of clinopyroxene (in Szb03-02).  Grain boundaries of 

all constituent phases are curvilinear.  Although pinning of these grain boundaries by rare fine 

grained (400-500 micron) recrystallized grains is also observed.  Some recrystallized grains, 

surrounding the coarse crystals do occur.  These grains are isometric and have straight or 
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gently curved grain boundaries.  Triple junctions among the recrystallized grains are also 

abundant.  Although recrystallized grains are subordinate and occupy not more than 5 

volume% of the studied sample. 

 Porphyroclastic xenoliths are the scarcest textural type among the xenoliths from 

Szentbékkálla.  Despite their low abundance, porphyroclastic xenoliths frequently exhibit 

macroscopic strain features.  Five of the hand specimens (Szbd-4, Szbd-6, Szbd-9, Szbd-14 

and Szb28) studied display macroscopic strain features and were analyzed further in detail.  

The selected samples are relatively pyroxene rich spinel lherzolites (Table IV.1).  They 

display bimodal grain size distribution.  Porphyroclasts are almost solely orthopyroxenes all 

other phases are intensively recrystallized.  The remnant orthopyroxene porphyroclasts 

display internal strain features in the form of deformation twins and undulouse extinction.  In 

one of the xenoliths (Szb28) even exsolution lamellae of clinopyroxene in the orthopyroxene 

is preserved.  Olivines in these samples are generally elongated, have grain size around 1-2 

mm and may exhibit aspect ratios of 1:3.  These elongated grains often contain subgrains or 

relatively coarse grained kink bands (50-100 microns).  Isometric olivine grains regularly 

form ribbons displaying evidence for the recrystallization of earlier elongated porphyroclasts 

(Figure IV.7).  Grain boundaries of recrystallized grains are generally straight or gently 

curved.  However, in some cases convex grain boundaries, mostly at olivine/orthopyroxene 

contacts may also occur.  Clinopyroxenes in these samples are generally isometric with 

straight or gently curved grain boundaries.   

Spinel, one of the most sensitive and effective macroscopic strain indicators in mantle 

peridotites is either elongated or, more commonly forms extremely elongated patches (aspect 

ratio - 1:10 !) consisting of isometric spinel crystals (Figure IV.8).  The spinels are mostly 

intergranular, however they may also be included in the silicate phases (orthopyroxene and 

olivine) as small (>50 microns) spherical inclusions.   

 Equigranular xenoliths besides the protogranular ones are the most abundant textural 

type at Szentbékkálla xenolith location.  Several subtypes of the equigranular mantle 

xenoliths were found.  Those with relatively fine grain size and generally equi-axed grain 

shapes (Figure III.4) and others with relatively coarse grain size with flattened grains (Figure 

III.5) simultaneously occur.  Many of these xenoliths display macroscopic deformation 

features.  Deformed xenoliths were selected from all the equigranular subtypes to get a 

comprehensive view of these rocks.  Most of the selected samples are spinel harzburgites, but 

pyroxene rich spinel lherzolites are not rare either (Table IV.1).  Moreover, a composite 

xenolith composed of equigranular spinel lherzolite and dunite bands was also studied in  
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Figure IV.7 “Ribbon” olivine indicated by red contour in a porphyroclastic spinel lherzolite from the BBHVF 

(Szb28).  Aspect ratio of the former grain, now recrystallized, is around 1:6-1:7. ol – olivine; opx – 

orthopyroxene; cpx – clinopyroxene; sp – spinel.  Cross polarized light image. 

 

 

 

 
 

Figure IV.8 Elongated spinel in a porphyroclastic spinel lherzolite from the BBHVF (Szgk99/04).  The aspect 

ratio of spinel is about 1:8-1:10. ol – olivine; opx – orthopyroxene; cpx – clinopyroxene; sp – spinel.  Plain 

polarized light image. 

 

PDF created with FinePrint pdfFactory trial version http://www.fineprint.com

http://www.fineprint.com


Chapter IV.  Petrographic characterization of mantle xenolits 41 

detail (Szb03-04). However, many of the selected equigranular samples contain melt pockets.  

These melt pockets are characteristic features of this textural type (as described by Bali et al., 

submitted).  They always have sharp, straight or gently curved boundaries.  They consist of 

crystalline phases and glass.  Rarely relic clinopyroxenes and corroded amphiboles are found 

in these pockets. 

The selected equigranular samples were further grouped in to two subgroups: in Group 

I. beside the elongated spinel crystals or spinel patches other constituent phases (olivine or 

orthopyroxene or both) exhibit elongated (flattened) grain shapes.  In these xenoliths melt 

pockets, when present, also often display elongated shapes.  This group corresponds to tabular 

equigranular xenoliths (Mercier and Nicolas, 1975).  Whereas, those samples in which only 

spinel is elongated and all other phases were isometric (mosaic equigranular – Mercier and 

Nicolas, 1975) were classified in Group II..   

 Samples that belong to Group I. (Szba1, Szbd-5, Szbd-8, Szbd-10, Szbd-15, Szb34) 

are generally relatively coarse grained rocks with grain size around 200-300 microns.  

Olivines and orthopyroxenes, besides the spinels, frequently display elongated grain shapes 

and can exhibit aspect ratios in extreme cases around 1:8-1:10 (average- 1:3-1:4).  The 

elongated olivine crystals often exhibit internal strain features, generally widely spaced kink 

bands (average spacing ~30-40 microns) that are perpendicular to the long axis of the olivine 

grains.  Grain boundaries are straight or gently curved and well equilibrated triple junctions at 

grain contacts are often found.  Nevertheless, concave boundaries are also found mostly on 

orthopyroxene-olivine contacts.  Elongated orthopyroxenes and the isometric crystals of the 

other constituent phases never display internal strain features.  Furthermore, in sample Szbd-8 

one remnant orthopyroxene porphyroclasts observed has irregular, strongly lobated grain 

boundary (Figure IV.8).  Similar textural features were described in ophiolitic mantle 

fragments from Othris Massif (Dijkstra et al., 2002).  Clinopyroxenes only occur as small 

isometric phases and are generally quite rare as it is reflected also by the modal compositions 

(Table IV.1).  Some of the spinel crystals are interstitial and in these cases they are often 

elongated and have similar dimension to the other constituent phases, although they can be 

extremely elongated and have aspect ratios around 1:5-1:8.  However considerable amount of 

the spinel crystals occur as inclusions in olivine and orthopyroxene.  They form small (30-50 

microns) spherical or euhedral inclusions.  As mentioned earlier melt pockets are common 

phases in these samples.  Their sharp boundaries and dimensions that are similar to those of 

crystalline phases in the host rock suggest that they are reaction products of former host rock 
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phases and infiltrated silicate melts (Bali et al., 2001).  In some cases besides melt pockets, 

melt veins connecting these pockets or independently from those, occur in the rocks.   

 Two of the xenoliths from group I (Szba1 and Szbd-15) and one xenolith from 

Szigliget (Szgk03-01; described later) show extreme shape preferred orientation (SPO).  All 

constituent phases are extremely flattened and display large aspect ratios (1:4-1:6; Figure 

III.5).  Grain size is relatively coarse, it may reach 1 mm (long axis).  Grain boundaries are 

straight or gently curved and triple junctions often occur at grain contacts.  This special group 

is studied and described in detail by Hidas et al. (in prep.). 

 Equigranular xenoliths that belong to Group II. (Szb21, Szb99/26, Szba2, Szb6, 

Szb03-04; Szb213TK, Szbd-7) are dominantly olivine rich and pyroxene (especially 

clinpyroxene) poor rocks with isometric grains.  Although some of the olivines may exhibit 

weak elongation with aspect ratios 1:2 (as a maximum).  Grain size is variable in this group.  

It may be as low as 100 microns but in some cases average grain size may reach 500 microns.  

These rocks display relatively weak shape preferred orientation and only the elongation of 

spinel patches (consisting of isometric spinel grains) or more rarely individual elongated 

crystals indicate deformation and strain.  As a matter of fact rarely ribbon structures of olivine 

and orthopyroxene, now consisting of isometric grains is observed (Figure IV.7).  The aspect 

ratio of these former porphyroclasts may be very extreme (1:5-1:7).  Pyroxenes (both ortho- 

and clinopyroxene) display isometric grain shapes and all phases almost always lack internal 

strain features.  Exceptionally these rocks may contain 1-2 remnant porphyroclasts of 

orthopyroxene (Szbd-7), which, similarly to that in Sz-b-d-8 (group I) have lobated grain 

boundaries (Figure IV.9). 

The grain boundaries are dominantly straight or gently curved and grain contacts  

frequently occur, as well developed triple junctions.  Besides the interstitial spinel grains 

those, included in the silicate phases of the peridotite are very abundant.  These spinels are 

finer grained than the interstitial ones (30-50 microns) and are mostly spherical or euhedral.  

Radial cracks often surround these inclusions.  Melt pockets occupy considerable volume 

ratio (3-10 vol%) of most of the group II. xenoliths and display similar petrographic features 

to those melt pockets observed in group I. samples. 

 Poikilitic xenoliths from Szentbékkálla are solely harzburgites and almost always 

display isometric grain shapes.  Nevertheless, samples selected for detailed study (Szba4, 

Szbd-16, Szbd-11, Szb03-07) display marked macroscopic strain features with compositional 

banding of orthopyroxene rich and olivine rich bands or foliation.  Grain size is coarse (1-3 

mm).  The grains themselves can be isometric (Szb03-02) or elongated with typical aspect 
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ratios 1:3-1:4 (Szba1, Szbd-16).  Grain boundaries are straight or gently curved, but may also 

be curvilinear.  Clinopyroxenes are somewhat finer grained than olivine and orthopyroxene 

and often exhibit spongy textures indicating partial melting.  Spinel crystals occur solely as 

fine grained (30-100 microns), spherical and euhedral inclusions in olivine and orthopyroxene 

(Figure III.6). 

 

 
 
Figure IV.9  A remnant orthopyroxene porphyroclast is an equigranular spinel lherzolite from the BBHVF 

(Szbd-8).  Note lobated grain boundary of the porphyroclast and low index crystal faces of embayed 

recrystallized olivines. ol – olivine; opx – orthopyroxene; em-embayment.  Cross polarized light image. 

 

Tihany 

 Samples selected from Tihany xenolith location are all olivine rich harzburgites.  Four 

of the five xenoliths that were selected for detailed study (Tih03-04. Tih03-05, Tih03-12 and 

Tih03-13) are coarse poikilitic.  These poikilitic xenoliths exhibit grain sizes around 1 mm.  

Grain boundaries are often corroded, probably due to weathering.  When the boundaries are 

observable, they are straight or gently curved.  Orthopyroxenes may display bimodal grain 

size distribution but fine grains are always subordinate.  Spinel crystals always occur as 

spherical or euhedral inclusions in olivines and orthopyroxenes.   

 One xenolith among the five selected (Tih03-02) has mosaic equigranular texture.  

The xenolith shows weak compositional banding of pyroxene rich and olivine rich bands.  

Grains are isometric or moderately elongated with maximum aspect ratio ~1:2.  The grain size 

is relatively fine (200-300 microns) excluding the rare orthopyroxene porphyroclasts that 
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have grain size around 1 mm and display undulouse extinction.  Most of the grains have 

straight or gently curved grain boundaries and lack any type of internal strain features.  

Spinels occur as small spherical inclusions but are also found in intergranular position 

displaying opaque rims when in contact with interstitial glass. 

 

Szigliget 

 Two samples, a porphyroclastic (Szgk99/04) and a tabular equigranular (Szgk03-01) 

from this xenolith location were selected for detailed study.  The porphyroclastic sample 

consists of elongated orthopyroxene porphyroclasts (1-2 mm) with internal strain features and 

extremely elongated spinel.  Recrystallized grains are fine grained (300-400 microns) and 

equi-axed.  The tabular equigranular xenolith is quite similar to those two (Szba1, Szbd-15) 

found in Szentbékkálla. 

 

Nógrád-Gömör Volcanic Field (NGVF) 
 The NGVF lies in the northern boundary region of the Intra-Carpathian Basin System 

(Figure II.3).  Several xenolith locations are found in the region.  Five samples (NBN27, 

NBN30, NBN52, NFL15 and NMS032) from three xenolith locations (Maskófalva-Maskova, 

Fülek-Filakovo at the northern part of the volcanic field and Bárna the southernmost part of 

the volcanic field) were selected for detailed study.   

Only one xenoliths (NMS032) displays porphyroclastic texture among those selected 

for detailed study.  The grains exhibit bimodal grain size distribution.  Porphyroclasts of 

olivine and orthopyroxenes are moderately elongated and display internal strain features.  

Recrystallized grains are fine grained.  The geometry of grain boundaries could not be 

resolved due to intensive weathering along the grain boundaries.  Three samples (NBN27, 

NBN30, NFL15) are equigranular textured samples.  They are all olivine rich spinel 

lherzolites (Table IV.1) with some rare orthopyroxene porphyroclasts with large grain size (1-

3 mm), and  which display internal strain features, like deformation twins and undulouse 

extinction.  In one of the samples (NBN30) olivine also displays bimodal grain size 

distribution, however olivine porphyroclasts (0.5-0.8 mm), elongated and displaying 

undulouse extinction, are very rare in the sample.  Recrystallized grains are finer grained 

(100-300 microns) and may exhibit isometric grain shapes.  However, elongated grain shapes 

are also not rare, especially in NBN 30, where aspect ratio of the recrystallized olivines may 

reach 1:4.  Grain boundaries of the recrystallized grains are generally straight or gently 
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curved, with some rare ones displaying lobated boundaries.  Triple junctions at grain contacts 

are regularly developed.  Clinopyroxenes are quite rare and when present, they only occur as 

recrystallized grains.  Spinels generally occur as elongated crystals subparallel to the 

macroscopic lineation, displaying aspect ratios around 1:3-1:5.  Some of the spinel grains in 

NBN27 are spherical and enclosed in olivines and orthopyroxenes.  Spinels in NFL15 display 

opaque rims and are always surrounded by glass and amphiboles.  Sample NBN52 is mosaic 

equigranular xenolith displaying macroscopic banding.  The grain size is relatively fine (100-

200 microns).  Grain boundaries are straight or gently curved.  Aspect ratio of the constituent 

grains is moderate (max. 1:2). 

 

East Transylvanian Basin Volcanic Field (ETBVF) - the Persány Mountains 
 Mantle material from the easternmost, young alkali basaltic location of the Intra-

Carpathian Basin System (Figure II.3) with spectacular xenolith occurrences was also studied.  

Most of the mantle peridotites found have protogranular or very weakly recrystallized 

protogranular/porphyroclastic textures (BG18) as already stated by earlier works dealing with 

this locality (e.g., Vaselli et al., 1995).  Nevertheless, these studies failed to identify a very 

special, rare textural type: the mylonitic mantle xenoliths.  These xenoliths seem to be quite 

rare (< 1% of all mantle derived samples) but, due to the extreme high abundance of mantle 

rocks in the volcanic tuffs of the ETBVF, they are easily found.  Such textural types have not 

been identified from elsewhere in the Intra-Carpathian Basin System, which extends their 

importance and genetic significance.  Four of these mylonites (LGR03-01, LGR03-04, 

NVTR03-01 and Rk99/04) were studied in detail and also 2 truly porphyroclastic samples 

(LGR09, BG15 studied in detail also by Vaselli et al., 1995 addressed as “foliated”) were 

described in detail in this thesis.  Several other xenoliths (>200) were carefully looked 

through in hand specimen, however none of them displayed any type of macroscopic 

deformation (strain) feature.   

 All xenoliths studied are pyroxene and spinel rich spinel lherzolites (Table IV.1).  The 

constituent phases in all samples show marked bimodal grain size distribution.  In three of the 

four mylonites (LGR03-01, LGR03-04 and Rk99/04) porphyroclasts and recrystallized grains 

occupy similar volume ratios, whereas NVTR03-01 is an ultramylonite, because the volume 

ratio of porphyroclasts is quite low (~10 %).  All of the samples display shear banding that is 

mainly anostomosing (Figure IV.10) although in the ultramylonite they are mostly straight 

(Figure IV.11). Porphyroclasts are relatively coarse grained (1-3 mm) frequently occur as  
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Figure IV.10 Anastomozing shear bands around strongly deformed porphyroclasts in a spinel lherzolite 

mylonite from the ETBVF (LGR03-01).  Note extreme internal strain features in the porphyroclasts. ol – olivine; 

opx – orthopyroxene; cpx – clinopyroxene; sb – shear band.  Cross polarized light image.  

 

 

 

 
 

Figure IV.11 Subparallel shear bands in a spinel lherzolite ultramylonite from the ETBVF (NVTR03-01).  Note 

close spacing of the shearbands, the rounded shape of a clinopyroxene porphyroclast and the very fine grained 

matrix between the bands. ol – olivine; cpx – clinopyroxene; sb – shear band.  Plain polarized light image. 
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sigma clasts (Figure IV.12).  Some of the grains (mostly the orthopyroxene porphyroclasts) 

display extremely elongated grain shapes subparallel to the shear banding (Figure IV.13).  

Aspect ratios may reach 1:10-1:15.  They are similar to the sheared orthopyroxene 

porphyroclasts of the Horoman peridotite, described by Ishii and Sawaguchi (2002).  Sigma 

(porphyro-) clasts always grow recrystallized tails.  Despite the abundance of porphyroclasts 

in the mylonites (except for NVTR 03-01) olivine porphyroclasts are rarely found.  They 

occur mostly as large patches of equigranular assemblages that mimic former porphyroclasts.  

When however olivine porphyroclasts are found, they are generally rounded and display 

undulouse extinction (Figure 14.). Pyroxenes (both ortho- and clinopyroxene) display internal 

strain features, like undulouse extinction, kinking and folding of exsolved clinopyroxene and 

orthopyroxene lamellae, respectively.  They have strongly lobated grain boundaries that are 

pinned with embayments of recrystallized grains.  However some of the elongated 

orthopyroxene porphyroclasts display remarkably straight boundaries along their long axes 

subparallel to the shear banding (Figure IV.13). Spinels also develop porphyroclasts, that may 

display aspect ratios similar to the pyroxenes.  Recrystallized grains are very fine grained 

compared to other xenolith locations.  Average grain size is around 30-50 microns.  Most of 

the recrystallized grains are isometric or only moderately elongated (1:2).  The recrystallized 

grains exhibit straight or gently curved boundaries and triple junctions at grain contacts are 

frequently developed.  Shear bands in all samples studied contain glass.  Recrystallized grains 

in contact with this melt often grow low index faces.  One sample of the studied four contains 

amphibole in a shear band. 

 Two xenoliths with porphyroclastic texture (LGR09, BG15) are also spinel lherzolites 

(Table IV.1).  Bimodal grain size distribution is obvious, however recrystallized grains are 

coarser grained than those observed in the mylonites.  Porphyroclasts of all constituent phases 

are mainly elongated subparallel to the macroscopic lineation.  Although some of the 

orthopyroxenes and clinopyroxenes may also be rounded.  Average grain size is large 2-4 

mm.  Grain boundaries are generally lobated, although those parallel to the elongation axis of 

the porphyroclasts may also be straight in LGR09, whereas they are mainly straight or gently 

curved in BG15.  Internal strain features are spectacular in LGR09.  Olivines develop 

subgrains parallel to (100), but also those parallel to (001) can be observed, thus giving 

olivine porphyroclasts a chess-board pattern (Figure IV.15).  Orthopyroxenes and 

clinopyroxenes contain exsolution lamellae of the other mineral.  These lamellae are mostly 

folded, bent and kinked.  Recrystallized grains are relatively coarse (100-150 microns).  They 

are also often elongated subparallel to the macroscopic elongation of the xenolith and 
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similarly to some of the recrystallized grains of LHPVF Group I. xenoliths often display 

undulouse extinction (Figure III.3)  Their grain boundaries, similarly to those of LHPVF are 

mostly lobated.  Along some cracks running through porphyroclasts isometric grains (same as 

the porphyroclasts) with low index crystal faces are developed.  Rarely amphiboles may also 

occur along cracks in orthopyroxene porphyroclasts. 
 

 
Figure IV.12 Orthopyroxene sigma-clast surrounded by fine grained, recrystallized orthopyroxene (outlined by 

red line) in a spinel lherzolite mylonite from the ETBVF (NVTR03-01). opx – orthopyroxene; sp – spinel;.  

Cross polarized light image. 
 

 
 

Figure IV.13 Elongated orthopyroxene porphyroclast (aspect ratio- ~1:10) in a spinel lherzolite mylonite from 

the ETBVF (LGR03-04).  Note straight grain boundaries along the long axis of the orthopyroxene. ol – olivine; 

opx – orthopyroxene; cpx – clinopyroxene.  Cross polarized light image 
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Figure IV.14 Rounded olivine porphyroclast with undulouse extinction surrounded by fine grained, 

recrystallized olivine in a spinel lherzolite mylonite from the ETBVF (NVTR03-01). ol – olivine; sb – shear 

band;.  Cross polarized light image. 

 

 

 

 
 

Figure IV.15 “Chess board “ pattern of deformed olivine porphyroclast in sample LGR09 from the ETBVF.  

Subgrain boundaries of (100) and (001) are indicated.  ol – olivine; opx – orthopyroxene; cpx – clinopyroxene.  

Cross polarized light image.  
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V. Deformation, fabrics and lattice preferred orientation 
 

 Constituent grains in rocks that deformed under specific physical conditions may 

develop specific fabrics (for the theoretical background see Chapter III.).  The fabrics (or 

lattice preferred orientation [LPO]) can be studied with orientation analyzing methods.   

Detailed petrographic observation of the selected samples from all xenolith locations was 

followed by orientation analysis.  The analyses were carried out on a universal stage (U-stage 

– Ernst Leitz Wetzlar 2415) mounted on a polarization microscope (Biolar) similarly to many 

of the published literature dealing with orientation measurement (e.g., Carter and Avé 

Lallemant, 1971, Mercier and Nicolas, 1975; Van der Wal, 1993; Dijkstra et al., 2002).  The 

U-stage is a conventional and widely used tool for orientation analysis.  It is especially 

effective on samples with coarse grain size (typically above 60-80 microns).  The precision of 

measurements is acceptable (~ 5o according to the literature) for a first good approximation of 

the orientation analyzed.  There are some more advanced methods for orientation analysis 

(e.g., electron back scattered diffraction [EBSD] and other electron channeling methods and 

also transmission electron microscopy [TEM]).  These are widely applied for fine-grained 

rocks and specific aims, respectively.  Another difficulty of these electron-optical methods is 

that they require very advanced hardware and software background.  Nevertheless, several 

control measurements were carried out on individual grains and on whole thin sections with 

the U-stage.  The error of reproducibility of the measurements on axes of single grains was 

below 3o, whereas on whole thin sections the similarities were unambiguous.  However, some 

minor differences undoubtedly existed (Figure V.I).   

 Primarily the orientation of olivine grains was measured in the selected thin sections.  

Not only because behavior of olivines and the kinematic meaning of several olivine fabrics is 

already understood (e.g., Tommasi et al., 2000; Zhang et al., 2000), but also because olivines 

are the most abundant phases in mantle peridotites.  Moreover, they respond very sensitively 

to any deformation occurring in the mantle.  Nevertheless, in some of the xenoliths the 

orientation and fabric of orthopyroxenes, which are much more "rigid" than olivines (e.g., 

Soedjatmiko and Christensen, 2000) were also determined (not shown in this work) and are 

treated by Hidas et al. (submitted). 

 Orientation distribution of crystal axes with respect to macroscopic deformation 

features plotted in stereograms is widely used to interpret the slip systems active during 

crystal plastic deformation. Experimental petrologic works (e.g., Zhang et al., 2000) and 

PDF created with FinePrint pdfFactory trial version http://www.fineprint.com

http://www.fineprint.com


Chapter V.   Deformation, fabrics and lattice preferred orientation  51 

 
theoretical modeling (e.g., Wenk and Tomé, 1999) that produced numerous fabrics at 

different physical conditions provide a solid basis for the interpretation of orientation data.  

The results of these works together with those derived from the study of naturally deformed 

samples will be applied to interpret our orientation data.  It should be noted, however, that 

most of the data are derived from pure olivine rocks.  Nevertheless, studies on natural samples 

(e.g., Dijkstra et al., 2002) demonstrated that olivines in adjacent dunites and lherzolites 

display similar fabrics.  
 

 
 

Figure V.1 Stereogram of 100 randomly selected olivine grains in xenolith LGR09 from the ETBVF.  Note the 

similar distribution patterns of the two measurements.  Lower hemisphere, equal area projection.  Horizontal line 

denotes macroscopic foliation, L-lineation. Data contoured at 1, 2, 3,… times uniform distribution. 

 

V.1 The orientation analysis method 
 Since olivine has orthorhombic crystal symmetry its optical axes identified on the U-

stage can be directly adapted to the crystal axes of the analyzed minerals (i.e., αolivine-010; 

βolivine-001; γolivine-100).  All xenoliths were slide perpendicular to the macroscopic foliation 

or compositional banding (if observed) and parallel to the lineation.  Two of the three optical 

axes were measured and the third axis was calculated on an EXCEL-sheet constructed for this 

aim.  If the angles of the two measured axes showed too high errors (were below 80o), the 

measurement was eliminated from the record.  The average error of the measurements was 

about 2-4 degrees, which is within the reproducibility of single axis measurements.  Data 

were visualized on lower hemisphere, equal area stereographic projection.  The stereographic 

projections are oriented parallel to the surface of the thin section.  Lineation is horizontal.  

Because orientations of olivine crystal axes in the literature are always displayed in the same 

way, they are directly comparable to one another.   
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 Almost 50 samples were selected from the 5 xenolith locations of the Intra-Carpathian 

Basin System.  In most of the samples where the geometry and grain size was optimal 100 

olivine orientations were analyzed.  Porphyroclasts and recrystallized grains, where present, 

were measured separately.  The orientation of orthopyroxene grains was only measured in 

some specific samples that showed special textures (for details see Hidas et al., in prep.) and 

are not discussed in this work.  Results of the orientation measurements are presented with 

respect to xenolith locations. 

 For the description and separation of orientation subgroups found among the studied 

mantle xenoliths several methods were applied: 1) visual separation of stereographic 

projections (most frequently used in the literature); 2) multiples of the uniform distribution 

and 3) misorientation analysis on special samples.   

 

SBVF 

 Three samples from the SBVF have been analyzed under the U-stage.  No 

macroscopic deformation signatures (neither foliation, compositional banding, nor lineation 

was observed in these xenoliths. Without these macroscopic deformation signatures, the 

geometry of the axes could not be positioned with respect to any macroscopic feature only 

with respect to the thin section plane.  Nevertheless, crystal axes plotted on the stereograms 

cluster in all studied samples (Kf4, Kf5 and Kf17; Figure V.2; Table V.1).  However, due to 

the geometry of the U-stage and the coarse grain size of the samples, only low number of 

crystal axe orientations could be measured (~25).  The low number of measurements results in 

multiple maximums of the crystal axes.  Although, even such low number of crystal axes 

plotted suggest the activation of a single slip system most probably the (010)[100] (described 

by Carter and Avé Lallemant, 1970).  

 
 

 

Table V.1. Summary of the active slip systems of randomly selected 100 olivines (if less was studied, indicated 

in text) in the selected xenoliths from the five xenolith locations with respect to texture.  Note remarkable 

dependence of deformation patterns with texture for xenoliths in the BBHVF (for details see text). c – core; r – 

rim; n – recrystallized grain T – equilibrium temperatures (oC) calculated using the method of Brey and Köhler 

(1990); ∆logfO2 – oxygen fugacity calculated using the method of Ballhaus et al. (1990). Slip systems described 

1 – Carter and Avé Lallemant (1970); 2 – Zhang et al. (2000); 3 – Durham et al. (1977). 
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Location   Sample Texture slip system T ∆logfO2 
    Kf4 pr/po ?(010)[100]? 1076 0.37 
SBVF   Kf5 po ?(010)[100]? 1057 0.43 
    Kf17 pr ?(010)[100]? 1012 -0.37 
    GC03-10 po/equ   960 0.19 
    GC0314 po (010)[100]1     
    ghh02 po/equ       
    GC03-06 c po   902 -1.42 
    GC03-06 r po   823 -0.68 
    GC03-12 p po   857 -0.45 
    GC03-12 r po   920 -1.20 
    GC03-12 n po (010)[100] and possible  864 -1.67 
    GC03-12b po activation of (100)[001]2 and     
LHPVF   ghh02b po/equ  slip toward [100]&[001]      
    gko02 po with twist walls on (010)3     
    GC06 po   960 -0.03 
    GC08 po/equ   788 -1.41 
    GC03-05 po/equ {0kl}[100]1 995 -3.24 
    Szb03-02 pr       
    Szbd-1 pr       
    Szb6 mos-equ (010)[100]     
    Szbd-13 pr   1154 -2.19 
    SzbP-15 pr   1128 -2.21 
    Szgk99/04 po       
    Szb28 po       
    Szb34 tab-equ       
    Szba1 tab-equ (010)[100] and possible  1017 -0.49 
    Szba4 poik activation of (100)[001] and     
    Szgk03-01 tab-equ  slip toward [100]&[001]  1009 0.09 
    Szbd-4 po with twist walls on (010)     
BBHVF   Szbd-6 po       
    Szbd-14 tab-equ       
    Szbd-15 tab-equ   978 -0.38 
    Szbd-9 po {0kl}[100] 1070 -0.55 
    Szb03-07 poik   1082 -0.24 
    Szb213 TK mos-equ       
    Szb21  mos-equ   940 -0.55 
    Szba2 mos-equ       
    Szbd-5 tab-equ       
    Szbd-7 mos-equ mixed slip system & static recrystallization     
    Szbd-8 tab-equ       
    Szbd-10 tab-equ       
    Szbd-11 poik       
    Szbd-16 poik       
    Szb99/26 mos-equ       
    Tih03-02 mos-equ   1071 0.96 
    NBN27 equ (010)[100] 1004 -0.45 
    NBN30 equ (010)[100] 919 -0.50 
NGVF   NBN52 equ (010)[100] 939 -1.02 
    NFL15 equ (010)[100]     
    NMS032 po (010)[100] and possible activation of (100)[001] and 

slip toward [100]&[001] with twist walls on (010) 
    

    BG18 pr ?(010)[100]? 1024 -0.76 
    BG15 fol (010)[100] 805 -0.60 
    LGR09 p fol (010)[100] 785 -1.22 
    LGR09 r fol (010)[100] 899 -1.38 
ETBVF   LGR03-01 c myl ? 908 -1.60 
    LGR03-01 r myl   857 -1.09 
    LGR03-01 n myl   864 -1.51 
    LGR03-04 myl ?     
    NVTR03-01 c myl ? 886 -1.98 
    NVTR03-01 r myl   893 -2.63 
    NVTR03-01 n myl   920 -1.78 
    Rk99/04 p myl ? 708 -0.05 
    Rk99/04 n myl   971 -0.05 
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Figure V.2 Stereogram of olivine orientations in three selected xenoliths from the SBVF.  30 grains were 

analyzed in each sample.  Note that orientation patterns could not be fixed to external reference frame 

(macroscopic lineation, foliation).  Lower hemisphere, equal area projection.  Data contoured at 1, 2, 3,… times 

uniform distribution. 

 

LHPVF 

Olivine orientations were analyzed in 11 selected xenoliths from the LHPVF (Table V.1).  

Olivine crystals in all of the samples measured display moderate to marked LPO.  The 

orientation patterns can be subdivided into three main subgroups.  In the first subgroup 

(Ghh02, GC03-10, GC03-14) the orientation of the crystal axes display a single point 

maximum with high multiples of uniform distribution – [100] at small angles to the lineation 

in the foliation plane; [001] at high angles to the lineation in the foliation plane and [010] at 

high angles to the foliation plane and the lineation (Figure V.3).  Recrystallized grains and 

porphyroclasts (although latter are rarely preserved) show similar orientations.  Such olivine 

orientation patterns are attributed to the activation of a single slip system (010)[100] during 

intracrystalline deformation (e.g., Carter and Avé Lallemant, 1970).  The second subgroup 

consists of 7 xenoliths (GC03-06, GC03-12, GC03-12b, Gr06, Gr08, Gko-02, Ghh02b).  In all 

of the samples [100] displays a maximum at the lineation in the foliation plane, whereas  
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Figure V.3 Stereograms of olivine orientations in three selected xenoliths from the LHPVF.  100 grains were 

analyzed in each sample.  Subgroup with high maximums in all axes orientations.  Note marked point maximum 

in the distribution of mineral axes.  Horizontal red line denotes orientation of macroscopic foliation or 

compositional banding; L – macroscopic lineation.  Lower hemisphere, equal area projection.  Data contoured at 

1, 2, 3,… times uniform distribution. 

 

partial girdles are observed both in the foliation plane (Figure V.4) towards [001] and in some 

cases towards [010] at high angles to both the lineation and the foliation (Figure V.4).  This 

results in intermediate multiples of uniform distribution at the maximums for [100].  The 

[001] displays a marked maximum in the foliation plane at high angles to the lineation but a 

strong girdle towards [100] in the foliation plane is clearly defined (Figure V.4ab).  The [001] 

axes are characterized by high multiples of uniform distribution at the maximums.  The [010] 

shows a point maximum with high multiples of uniform distribution at high angles to the 

lineation and the foliation plane (Figure V.4a).  Although, a weak girdle towards [100] may 

also be observed (Figure V.4).  The orientation of porphyroclasts does not differ significantly 

from that of recrystallized grains.  Similar orientation patterns are quite rare from xenoliths 

and other mantle derived peridotites worldwide and indicate activation of multiple slip 

systems (see details later). 
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Figure V.4 Stereograms of olivine orientations in seven selected xenoliths from the LHPVF.  100 grains were 

analyzed in each sample.  Subgroup with intermediate maximum of [100]-axes and high maximums for [010] 

and [001].  Note marked girdle of (100) and (001) in foliation plane.  Red line denotes orientation of 

macroscopic foliation or compositional banding; L – macroscopic lineation.  Lower hemisphere, equal area 

projection.  Data contoured at 1, 2, 3,… times uniform distribution. 
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 Olivine grains in one selected sample (GC03-05) from the LHPVF displays distinct 

fabric from those of the two groups.  Olivine [100]-axes show a weak point maximum at the 

lineation in the foliation plane.  The major difference between the orientation of the other 

groups and this sample is that besides the point maximum of [001] at high angles to the 

lineation in the foliation plane and the point maximum of [010] at high angles to the lineation 

and the foliation plane both axes show partial girdle to one-another (Figure V.5) and display 

intermediate maximums.  The orientation of recrystallized grains is similar the orientation of 

the porphyroclasts.  Such olivine fabrics are recognized as the activation of {0kl}[100] slip 

systems.  

 

 
Figure V.5 Stereogram of olivine orientations in a selected xenolith (GC03-05) from the LHPVF.  100 grains 

were analyzed in each sample.  Note marked girdle of (010) and (001) perpendicular to the foliation plane.  Red 

line denotes orientation of macroscopic foliation or compositional banding; L – macroscopic lineation.  Lower 

hemisphere, equal area projection.  Data contoured at 1, 2, 3,… times uniform distribution. 

 

BBHVF 

 Among the studied xenolith locations most of the samples (30) were selected from the 

BBHVF (Table V.1).  Besides analyzing olivine grains, the orientation of orthopyroxenes was 

also analyzed in some of the samples.  Despite the large number of samples analyzed, only 

three main orientation subgroups can be distinguished.  Olivine orientation in the three 

subgroups is similar to that observed in the LHPVF samples: 1) all crystal axes display one 

point maximum with high multiples of uniform distributions– [100] subparallel to the 

lineation in the foliation plane, [001] perpendicular to the lineation in the foliation plane and 

[010] at high angles to both lineation and foliation (Figure V.6).  Six samples (Szbd-1, Szbd-

13, Szbp-15, Szb03-02, Szb6, Szgk99-04) among the studied 30 belong to this subgroup.  

Recrystallized grains display similar orientations to that of porphyroclasts. Such olivine 

orientation patterns are attributed to the activation of a single slip system (010)[100] during 

intracrystalline deformation (e.g., Carter and Avé Lallemant, 1970). 
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Figure V.6 Stereograms of olivine orientations in six selected xenoliths from the BBHVF.  100 grains were 

analyzed in each sample, except for Szb03-02 (72 grains).  Note marked point maximum in the distribution of 

mineral axes.  All axes orientations are characterized by high maximum distributions.  Red line denotes 

orientation of macroscopic foliation or compositional banding; L – macroscopic lineation.  Lower hemisphere, 

equal area projection.  Data contoured at 1, 2, 3,… times uniform distribution. 

 

 Subgroup 2) consists of ten samples (Szba1, Szbd-15, Szgk03-01, Szba4, Szb28, 

Szb34, Szbd-4, Szbd-6, Szbd-11 and Szbd 14) that show a point maximum of [010] 

perpendicular to the lineation and the foliation plane with high multiples of uniform 

distribution.  The other two axes [100] and [001] besides showing a point maximum 
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subparallel to the lineation in the foliation plane and perpendicular to the lineation in the 

foliation plane, respectively, also display partial girdles in the foliation plane (Figure V.7).   

This results in intermediate values for [100] and high values for [001] of multiples of uniform 

distribution at the maximums. In some cases (Szba1, Szbd-15 and Szgk03-01; studied in 

detail by Hidas et al. in prep.) this partial girdle of [100] and [001] is so pronounced that they 

plot as a continuous subhorizontal band in the stereograms (Figure V.8) Similar orientation 

patterns are quite rare and indicate activation of multiple slip systems (see details later).  One 

of the samples (Szba4) does not display partial girdles of [100] and [001] but instead they 

display two maximums: both [100] and [001] subparallel to the lineation in the foliation plane 

and perpendicular to the lineation in the foliation plane (Figure V.7).  The orientation pattern 

observed in this subgroup is characteristic for the activation of (010)[001] slip system (e.g., 

Tommasi et al., 2000).  In case of the porphyroclastic samples recrystallized olivine grains 

show similar orientations to that of the porphyroclasts.   

 Those xenoliths that display a point maximum of [100] subparallel to the lineation in 

the foliation plane, and a marked partial girdle of [001] towards [010] where classified into 

group 3).  Nevertheless, both [001] and [010] display a strong point maximum at high angles 

to the lineation in the foliation plane and at high angles to both lineation and foliation, 

respectively (Figure V.9).  It is worth to note that only one clear example of this fabric type 

was found (Szbd-9).  In all the other samples the orientation distribution of olivine axes is 

scattered and shows similarities with all above mentioned groups (Figure V.10).  Such olivine 

fabrics are recognized as the activation of {0kl}[100] slip systems. 
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Figure V.7 Stereograms of olivine orientations in seven selected xenoliths from the BBHVF.  100 grains were 

analyzed in each sample.  Note girdle or double maximum of (100) and (001) in the foliation plane.  [100]-axes 

display intermediate maximums, whereas [010] and [001]- axes have high maximums. Red line denotes 

orientation of macroscopic foliation or compositional banding; L – macroscopic lineation.  Lower hemisphere, 

equal area projection.  Data contoured at 1, 2, 3,… times uniform distribution. 
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Figure V.8 Stereograms of olivine orientations in the three xenoliths studied in details by Hidas et al. 

(submitted) from the BBHVF.  100 grains were analyzed in each sample.  Note girdle of (100) and (001) in the 

foliation plane. [100]-axes display intermediate maximums, whereas [010] and [001]- axes have high 

maximums.  Red line denotes orientation of macroscopic foliation or compositional banding; L – macroscopic 

lineation.  Lower hemisphere, equal area projection.  Data contoured at 1, 2, 3,… times uniform distribution. 

 

 
 

Figure V.9 Stereograms of olivine orientations in xenolith Szbd-9 from the BBHVF.  100 grains were analyzed.  

Note girdle of (010) and (001) perpendicular to the foliation plane.  Red line denotes orientation of macroscopic 

foliation or compositional banding.  Macroscopic lineation at 90o; L – macroscopic lineation.  Data contoured at 

1, 2, 3,… times uniform distribution. 
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Figure V.10 Stereograms of olivine orientations in 12 studied xenoliths from the BBHVF.  100 grains were 

analyzed in each sample with the exception of Tih03-02 (50 grains).  Note the weak LPO olivines.  All axes 

develop low distribution maximums. Red line denotes orientation of macroscopic foliation or compositional 

banding; L – macroscopic lineation.  Lower hemisphere, equal area projection.  Data contoured at 1, 2, 3,… 

times uniform distribution. 
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NGVF 

 Orientation of olivine grains of five xenoliths (NBN27, NBN30, NBN52, NFL15 and 

NMS032) has been studied (Table V.1).  In all five studied samples olivine crystals display 

moderately strong lattice preferred orientation.  In the selected samples [100] axes of olivine 

show a maximum subparallel to the lineation in the foliation plane although a partial girdle 

from the lineation toward high angles to the lineation and the foliation towards (010) is 

observed (Figure V.11).  Moreover in NMS032 [100] axes display a girdle in the foliation 

plane.  The distribution of [001] display a single maximum in all samples except for sample 

NMS032 where [001] displays girdle in the foliation plane (Figure V.11). 
 

 

Figure V.11 Stereograms of olivine orientations in five xenoliths from the NGVF.  100 grains were analyzed in 

each sample, except for NMS032 (35 grains).  Red line denotes orientation of macroscopic foliation or 

compositional banding; L – macroscopic lineation.  Lower hemisphere, equal area projection.  Data contoured at 

1, 2, 3,… times uniform distribution. 

PDF created with FinePrint pdfFactory trial version http://www.fineprint.com

http://www.fineprint.com


Chapter V.   Deformation, fabrics and lattice preferred orientation  65 

 
The [010] axes in all cases display scattered distribution with a weak maximum perpendicular 

to the foliation and the lineation, but strong girdles towards the lineation [100] clearly occur.  

No obvious differences between the orientation of rare olivine porphyroclasts and the 

recrystallized grains have been observed.  It should be stated, however that in NMS032 only 

35 grains were analyzed. Such olivine orientation patterns are attributed to the activation of a 

single slip system (010)[100] during intracrystalline deformation (e.g., Carter and Avé 

Lallemant, 1970) in case of ((NBN27, NBN30, NBN52, NFL15) and the activation of 

multiple slip systems is suggested for NMS032. 

 The orientation of olivine grains in the dunite band around a Cr-diopside vein of NBN 

27 was also studied.  Orientations do not differ significantly from that of olivines from the 

wall rock peridotite.  

 

ETBVF 

 All the six xenoliths selected for detailed study were analyzed with the U-stage (Table 

V.1).  In the porphyroclastic xenoliths (LGR09 and BG15) orientation of both porphyroclasts 

and recrystallized grains was analyzed.  The [100] of olivines (both porphyroclasts and 

neoblasts) displays a single maximum at the lineation in the foliation plane (Figure V.12).  

The [010] axes cluster at high angles to the lineation and also to the foliation plane (almost 

perpendicular).  Finally [001] shows a marked maximum at high angles to the lineation in the 

foliation plane.  A partial girdle of [100] towards [010] and also one of [010] towards [100].  

Note, however, that due to geometric reasons only about 30 olivine orientations could be 

measured in sample BG15, nevertheless olivines still display remarkably strong LPO (Figure 

V.12).   

 In contrary to the porphyroclastic xenoliths, in those samples with mylonitic textures 

only the orientation of (porphyro-) clasts could be analyzed with the U-stage.  The orientation 

of the recrystallized grains, due to their ultrafine grain size could not be resolved with U-

stage.  To obtain orientation data from the recrystallized grains the application of more 

advanced techniques (e.g., EBSD) would be required.  Only a small number of olivine clasts 

(~15 in each sample) could be analyzed in the mylonites, because of the U-stage geometry 

and the relatively low number of olivine porphyroclasts.  Nevertheless, considerable LPO of 

the clasts can still be resolved (Figure V.13).  The orientations of crystal axes generally 

display multiple maximums, however one dominant direction is always present.  It is 

remarkable that the dominant [100] maximum is always oblique to the macroscopic lineation 

(Figure V.13).  The [010] axes (the dominant ones) plot at high angles to the lineation and the 
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foliation, however, the obliquity n this case is still remarkable.  In most of the cases [001] 

plots at high angles to the lineation in the foliation plane.  However, in one case (LGR03-04) 

the [001] axes form a remarkable partial girdle towards [010]. 
 

 
Figure V.12 Stereograms of olivine orientations in two xenoliths from the ETBVF.  35 grains and 100 grains 

were analyzed in lherzolite BG15 and LGR09, respectively.  Note point maximum in the orientation of mineral 

axes.  Red line denotes orientation of macroscopic foliation or compositional banding; L – macroscopic 

lineation.  Lower hemisphere, equal area projection.  Data contoured at 1, 2, 3,… times uniform distribution. 

 
Figure V.13 Stereograms of olivine orientations in three mylonite xenoliths from the ETBVF.  15 grains were 

analyzed in each sample.  Note weak point maximum in the orientation of mineral axes probably due to very low 

number of grains analyzed (see text for details).  Red line denotes orientation of macroscopic foliation or 

compositional banding; L – macroscopic lineation.  Lower hemisphere, equal area projection.  Data contoured at 

1, 2, 3,… times uniform distribution. 
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 One protogranular sample (BG18) was also studied in details.  Although the number of 

analyzed grains, due to coarse grain size and U-stage geometry, was low (35) the orientations 

are pronounced.  Olivine orientations in the specific sample show similar distribution to those 

in the other ones from the ETBVF (Figure V.14). 

 

 
Figure V.14 Stereogram of olivine orientations in xenolith BG18 from the ETBVF.  35 grains were analyzed in 

the sample.  Note point maximum in the orientation of mineral axes.  Note that orientation patterns could not be 

fixed to external reference frame (macroscopic lineation, foliation).  Lower hemisphere, equal area projection.  

Data contoured at 1, 2, 3,… times uniform distribution. 

 

V.2 Misorientation analysis 
 The distribution of rotation angles (misorientations) and the orientation of the rotation 

axes provide information on the type of recrystallization and deformation mechanism 

operating in the mantle section represented by the studied xenoliths.  Subgrain rotation 

(dynamic) recrystallization leads to the breakdown of large porphyroclasts into smaller grains, 

which largely preserve the crystallographic orientation of the original grain.  This process is 

reflected in the small rotation angle between the lattices of the porphyroclasts and 

recrystallized grains.  In the misorientation analysis crystallographic relations between 

neighboring olivine grains is established.  The crystallographic relation between two 

neighboring grains, expressed in terms of rotation axis (common in the two grains) rotation 

was calculated (Randle, 1992; Fliervoet et al., 1999)*. 

Angular relations between adjacent grains are expressed with respect to each other 

irrespective of any external reference frame (e.g., foliation, lineation, compositional banding).  

Generally the method is applied to clarify geometric relations between adjacent 

porphyroclasts and recrystallized grains (e.g., Dijkstra, 2002), i.e., subgrain–parental grain 

relation.  Its geometric meaning is not clear in equigranular samples where considerable 

degree of static recrystallization and grain growth took place.  In fact, adjacent grains now 

observed were not necessarily neighbors (no subgrain–parental grain relation) during or at the 
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final stages of deformation.  Nevertheless, misorientation analysis in some special tabular 

equigranular xenoliths (Hidas et al., in prep.) was indeed preformed (see later in this chapter).  

 Eight representative samples from the LHPVF (GC03-06, GC03-10) and the BBHVF 

(Szba1, Szb28, Szbd-9, Szbd-13, Szbd-15 and Szgk03-01) were selected for misorientation 

analysis.  The selected samples from the two region represent the main deformed fabric and 

textural types occurring in the xenolith locations.  In the misorientation analysis 

crystallographic relations between neighboring olivine grains is established.  The 

crystallographic relation between two neighboring grains, expressed in terms of rotation axis 

(common in the two grains) rotation was calculated (Randle, 1992; Fliervoet et al., 1999). 

___________________________________________________________________________ 
*Misorientation analysis mathematical methodology (Randle, 1992; Faul and Fitzgerald, 1999) 
 Misorientation between adjacent grains is expressed in terms of rotation axis-angle pairs, where the 
rotation axis is defined as a mutual direction that has the same (Miller) indices in both grains.  One of the grains 
is taken as the fixed reference frame, though rotation required to bring crystallographic axes into coinsidence 
with the axes of the reference grains defines the misorientation angle. 
 
Step 1) The orthonormal set of normalized crystal directions (in case of U-stage measurements crystal axes are 
automatically normalized) is transposed onto an external reference frame. Rotation matrix (Rtotal) rotation 
required to transpose the pattern matrix onto the fixed external frame is determined.  The transposition requires 3 
subsequent rotations Rz then Ry and finally Rx (Rtotal=RzRyRx) that are the rotations around the axes of the fixed 
reference frame. 
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where α, β and γ are the rotation angles required to transpose the normalized mineral axes onto the external 
reference frame. Rtotal is essentially the orientation matrix (O) of the grains in case of U-stage measurements.   
 
Step 2) When the orientation matrix of two adjacent grains is determined the misorientation (M) matrix 
describing rotation of one subgrain onto the other is produced: 

2
1

1 OOM −=  
M describes the misorientation in the external reference co-ordinates.  Rotation axis and angle can now be 
calculated: 
Rotation axis V[uvw]:   u=M32-M23    v=M13-M31    w=M21-M12 

Misorientation angle (Θ)  cosΘ=
2

1332211 −++ MMM  

The resulting orientation of the rotation axis is common in both grains. 
 
Step 3) Because olivine is orthorhombic, each grain can be indexed in four equivalent ways resulting in 16 axis-
angle pairs. The axis-angle pairs are multiplied by the symmetry matrices 

















100
010
001

  
















−
−

100
010
001

  
















−

−

100
010
001

  















−

−

100
010
001

 

the rotation axis-angle pair with the smallest misorientation angle is selected 
 
Step 4) Finally, rotation axis is multiplied by the L matrix (VL-1) containing lattice constants of forsteritic 
olivines to normalize axes back to the orthorhombic coordinate system: 

L-1=
















003.600
0239.100
00767.4

 

PDF created with FinePrint pdfFactory trial version http://www.fineprint.com

http://www.fineprint.com


Chapter V.   Deformation, fabrics and lattice preferred orientation  69 

 
 Misorientation distribution of all studied samples display significantly large number of 

small misorientations with respect to random distribution.  It means that more grains have 

small misorientations (>60 degrees) with respect to their neighbors than would be expected 

from the fabric (stereograms).  

 Rotation axes are represented in crystal co-ordinate system.  These plots are often 

referred to in the literature as inverse pole figures (e.g., Mercier and Nicolas, 1975).  Those 

misorientation axes were plotted that significantly exceeded random distribution.  Although, it 

should be noted that the error in the measurements of the orientation of olivine crystals by 

universal stage is ~5o.  The error in the orientation of rotation axis can be much larger (up to 

tens of degrees) especially in the case of small rotation angles (Fliervoet at al., 1999; Dijkstra 

et al., 2002).   

 

LHPVF  

 Stereographic projection of olivine crystal axes orientation distribution of the two 

selected samples (GC03-06 and GC03-10) already suggests that markedly different 

deformation occurred within these two studied xenoliths.  Nevertheless, the high abundance 

of low angle misorientation of adjacent subgrains with respect to random distribution (Figure 

V.15,16) suggests that subgrain rotation recrystallization was the dominant recrystallization 

process occurring in the mantle sections represented by the two mantle fragments. 

 

GC03-06 

 Misorientation angle distribution in the sample (Figure V.15a) shows that grain 

boundaries with small misorientations are significantly more frequent in two angle ranges 

(10-30o and 50-60o), than expected from the olivine axis orientation (Figure V.3).  This 

indicates that subgrain rotation has been an important process in the development of the 

observed microstructure.  The rotation axes of low rotation angle (10-30o) grain boundaries 

have a preferred orientation close to the olivine [b]-axis extending toward the [a]-axis (Figure 

V.15b).  This type of distribution is indicative of slip systems (001)[100], (100)[001] slip and 

twist walls in (010) (Zhang et al., 2000; De Kloe, 2001).  The distribution of rotation axes of 

somewhat higher rotation angles (50-60o) is more scattered (Figure V.15c).  A weak 

preference close to [a]-, [b]- and [c]-axes is observed. 
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Figure V.15 Misorientation analysis of xenolith 

GC03-06 from the LHPVF.  The distribution of 

misorientation angles between neighboring olivine 

grains is compared to misorientation angles between 

olivine grains of hypothetical sample with random 

orientation distribution.  a) significantly more 

misorientations occur between 20 and 30o and 

between 50 and 60o than expected from the fabric.  

Inverse pole figures for olivines with rotation axes of 

grain pairs with b) 10-30o and c) 50-60o 

misorientations.  For methodology see Randle (1992), 

Fliervoet et al. (1999). 

 

 

GC03-10 

 The distribution of misorientation angles in the sample shows marked deviancy from 

random distribution at 10-40o and 50-70o angle ranges (Figure V.16a).  Low rotation angles 

show a preferred distribution close to the [c]-axis indicating the important contribution of 

(010)[100] slip system.  Rotation axes of the high misorientation angle grain boundaries show 

a weak preference close to the [b]-axis, however most of them plot further away from low-

symmetry orientations (Figure V.16bc), which is imposed by symmetry related restrictions 

(Fliervoet et al., 1999). 

 

Figure V.16 Misorientation analysis of xenolith 

GC03-10 from the LHPVF.  The distribution of 

misorientation angles between neighboring olivine 

grains is compared to misorientation angles between 

olivine grains of hypothetical sample with random 

orientation distribution.  a) significantly more 

misorientations occur between 10 and 40o and 

between 50 and 70o than expected from the fabric.  

Inverse pole figures for olivines with rotation axes of 

grain pairs with b) 10-40o and c) 50-70o 

misorientations.  For methodology see Randle (1992), 

Fliervoet et al. (1999). 
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BBHVF 

 Six samples from the BBHVF have been selected form misorientation analysis.  Three 

of these xenoliths (Szba1, Szbd-15 and Szgk03-01) are very similar tabular equigranular 

lherzolites studied in details by Hidas et al, (submitted).  These three samples show analogous 

olivine and orthopyroxene preferred orientations.  The other three xenoliths (Szb28, Szbd-9 

and Szbd-13) represent the main orientation patterns occurring in the BBHVF. 

 

Szba1, Szbd-15, Szgk03-01 

 Misorientations and rotation axes, as expected for these three xenoliths are quite 

similar.  Significantly higher ratio of low angle grain boundaries occur than random 

distribution and indicate that subgrain rotation was the dominant process in the formation of 

these textural types (Figure V.17).  Rotation axes of low angle misorientation grain 

boundaries (10-30o) show a preferred orientation close to the [c]-axis and [b]-axis reflecting 

that the slip systems active during deformation were the (010)[100] and (100)[001] slip and 

twist walls in (010), respectively (Zhang et al., 2000; De Kloe, 2001; Figure V.17b).  The 

rotation axes of higher angle grain boundaries (not present in Szgk03-01) show a preference 

close to the [b]-axis tending towards the [a]-axis and plotting further away from low 

symmetry orientations (Figure V.17c). 

 

 

Figure V.17 Misorientation analysis of the 

three selected xenoliths (Szba1, Szbd-15 and 

Szgk03-01) from the BBHVF.  The distribution 

of misorientation angles between neighboring 

olivine grains is compared to misorientation 

angles between olivine grains of hypothetical 

sample with random orientation distribution.  a) 

significantly more misorientations occur 

between 0 and 40o and between 50 and 60o for 

Szba1; 0 and 30o and between 50 and 60o for 

Szbd-15; and 0 and 30 and between 40 and 50 

for Szgk03-01 than expected from the fabrics.  

Inverse pole figures for olivines with rotation 

axes of grain pairs with b) small and c) high 

misorientations, respectively.  For methodology 

see Randle (1992), Fliervoet et al. (1999). 
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Szb28 

 The distribution of misorientations in the samples shows marked deviancy from the 

random distribution at low angles (10-30o; Figure V.18a).  However, it is likely that subgrain 

rotation was the main microfabric forming process.  Rotation angles of the low misorientation 

angle grain boundaries cluster at [c]- and [b]-axes indicating slip systems (010)[100] and 

(100)[001] (Zhang et al., 2000) and twist walls in (010) (De Kloe, 2001) to be active during 

deformation (Figure V.18b). 

 

 

Figure V.18 Misorientation analysis of xenolith 

Szb28 from the BBHVF.  The distribution of 

misorientation angles between neighboring olivine 

grains is compared to misorientation angles between 

olivine grains of hypothetical sample with random 

orientation distribution.  a) significantly more 

misorientations occur between 10 and 30o than 

expected from the fabric.  Inverse pole figures for 

olivines with rotation axes of grain pairs with b) 10-

30o misorientations.  For methodology see Randle 

(1992), Fliervoet et al. (1999). 

 

 

 

Szbd-9 

 The sample has unique olivine axis orientations with respect to the other xenoliths 

studied.  Significantly higher ratio of low (10-30o) and medium (40-60o) misorientation angle 

grain boundaries are present with respect to random distribution (Figure V.19a).  The low 

angel misorientation grain boundary axes show a preferred orientation close to [c]-axis 

tending towards [a]-axis and also a weak preference at [b]-axis (Figure V.19b) indicating the 

dominance of (010)[100] slip system.  At higher angles remarkable difference to all other 

misorientation distribution is observed.  Rotation axes tend to plot close to the [a]-axis (Figure 

V.19c).  Rotations at ~60o around the [a]-axis of olivine are in accordance with a twinning 

system in olivine (~t Hart, 1978). 
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Figure V.19 Misorientation analysis of xenolith 

Szbd-9 from the BBHVF.  The distribution of 

misorientation angles between neighboring olivine 

grains is compared to misorientation angles between 

olivine grains of hypothetical sample with random 

orientation distribution.  a) significantly more 

misorientations occur between 10 and 30o and 

between 40 and 60o than expected from the fabric.  

Inverse pole figures for olivines with rotation axes of 

grain pairs with b) 10-30o and c) 40-60o 

misorientations.  For methodology see Randle 

(1992), Fliervoet et al. (1999). 

 

 

 

 

Szbd-13 

 The protogranular sample with strong point maximum distribution of olivine crystal 

axes was also studied.  The abundance of low angle grain boundary rotation axes between 10-

30 degrees is significantly higher than that of random distribution (Figure V.20a).  Rotation 

axes in the inverse pole Figures plot close to the [c] axis suggesting the predominance of 

(010)[100] slip system during intracrystalline slip (Figure V.20b).   

 

 

Figure V.20 Misorientation analysis of xenolith 

Szbd-13 from the BBHVF.  The distribution of 

misorientation angles between neighboring olivine 

grains is compared to misorientation angles between 

olivine grains of hypothetical sample with random 

orientation distribution.  a) significantly more 

misorientations occur between 10 and 30o than 

expected from the fabric.  Inverse pole figures for 

olivines with rotation axes of grain pairs with b) 10-

30o misorientations.  For methodology see Randle 

(1992), Fliervoet et al. (1999). 
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VI. Major, trace element and isotope geochemistry of the sub-
continental lithospheric mantle of the Intra-Carpathian Basin 
System 
 
 Geochemical feature is among the best and most intensively studied characters 

of the subcontinental lithospheric mantle in the Intra-Carpathian Basin System.  The 

main aim of this chapter is to position the xenoliths, which were analyzed in detail 

with respect to their textural and microstructural characteristics, in geochemical 

dimensions of the framework of upper mantle peridotite suite of the Intra-Carpathian 

Basin System.  Most of the data used derives from a huge set of high quality major, 

trace element and isotopic data from scientific literature of the last decade.  Additional 

geochemical analyses were only carried out on those mantle xenoliths with specific 

textural types where no chemical data were available.   

Major element composition of constituent mineral phases was carried out, using 

Microprobe analyses were carried out using a JEOL Superprobe JXA-8600 WDS at 

the Department of Earth Sciences, University of Florence and University of Bristol 

For the analyses in Florence, an accelerating voltage of 15 kV was used, with a 10 nA 

sample current and a beam diameter of 5 microns was used.  Counting times were 20 

seconds for each element.  In both laboratories natural and synthetic standards were 

employed for the analyses, and the method of Bence & Albee (1968) was applied for 

correction. 

 However, it should be emphasized that geochemical characterization of the 

lithospheric mantle beneath the Intra-Carpathian Basin System is not the goal of the 

thesis.  

Upper mantle xenoliths originating from the sub-continental lithospheric 

mantle were extensively analyzed in the region.  Chemical analyses were preformed 

on bulk rock major and trace elements.  In situ measurements on constituent phases on 

major and trace elements were also carried out on hundreds of samples.  In some 

cases, mostly in more recent studies, radiogenic and stable isotopes were also 

analyzed.  The sufficient number of chemical analyses carried out in the region 

elucidates the nature and sometimes also the relative timing of various geochemical 

processes. 
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VI.1 Major element composition of peridotite xenoliths in the 
Intra-Carpathian Basin System 
 Major element composition of the mantle xenoliths is the best studied and 

understood geochemical character of upper mantle peridotite fragments worldwide.  

Concentration and abundance of major elements comprising the 99 percent of the 

rocks studied are essentially an important and considerable factor for the mantle 

fragments analyzed.  The depletion of one specific group of major elements, often 

referred to as basaltic major elements (Al, Ti, Na, Ca, Fe, (Si)) is primarily attributed 

to partial melting events within the subcontinental lithospheric mantle during its 

evolution.  This first order variance in the geochemical characteristics of the upper 

mantle xenoliths was recognized already early in the history of xenolith studies (e.g., 

Frey and Green, 1974; Frey and Prinz, 1978).  This variance is also observed in 

massifs and ophiolites and thus should be treated as a general character of the 

subcontinental lithospheric mantle.  Moreover, changing rock textures, indicative of 

the deformation state of the mantle section they have been derived from (see Chapter 

III. for details), shows significant relations to major element composition of the 

studied mantle rocks (e.g., Downes et al., 1992).  

 Bulk rock major element composition, the first available geochemical analysis 

in the history of xenolith studies, is a powerful and widely used tool in geochemical 

characterization of the mantle derived rocks.  The method clearly indicates negative 

correlation of all basaltic major elements with Mg compatible element in mantle rocks 

(e.g., Downes et al., 2001).  Whereas, in case of Cr, also a very compatible element in 

mantle rocks, a clear positive correlation is observed (e.g., Frey and Green, 1974; 

Frey and Prinz, 1978). 

 Bulk rock major element compositions however, are influenced by two 

factors: 1) the modal composition of the mantle rocks, i.e., the abundance and volume 

ratio of constituent mineral phases, and 2) the chemical compositions of the 

constituent mineral phases.  The volume ratio of the constituent phases is easily 

considered through basic petrographic analysis of the mantle rocks.  Major elements 

in constituent mineral phases, because of their different crystal structures behave 

distinctly in mantle processes.  The potential of the analysis of single mineral phases 

of mantle rocks, thus enables a finer resolution of the physico-chemical processes 

occurring in the mantle. 
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 Olivines, the dominant mineral phases in peridotitic mantle rocks are Fe-Mg 

silicates.  Despite their relative barrenness in chemical components, olivine Mg-

numbers (Mg2+/Mg2++Fe2+) are sensitive and widely used tools to characterize the 

depleted nature of the mantle section they were derived from (e.g., Zheng et al., 

2001).  Systematic analysis of large number of olivines from different xenolith 

locations clearly showed systematic difference between Achean lithosphere 

(characterized by olivine mg-numbers >94) and Phanerozoic lithosphere with olivine 

mg-numbers generally lower than 91 (Zheng et al., 2001).  Olivine mg-numbers are 

also indicative of deformation state of the mantle (e.g., Szabó et al., 1995a).  In 

accordance with bulk rock major element composition, undeformed (protogranular) 

xenoliths exhibit lower mg-numbers compared to those with deformed ones. 

 Major element compositions of orthopyroxenes, that in most of the cases 

appear in considerable volume ratios in the mantle derived peridotites world wide, 

generally follow the composition variance of olivines, although orthopyroxenes 

generally show slightly higher mg-numbers than co-existing olivines (e.g., Szabó et 

al., 1995a).  Orthopyroxenes are mostly Fe-Mg silicates, their Al2O3 CaO and Na2O 

concentrations may be considerable and sometimes applied in their geochemical 

characterization.  Basaltic elements within the orthopyroxenes generally display 

negative correlation with MgO.  Orthopyroxenes from the undeformed samples are 

characterized by higher abundance of basaltic element together with lower MgO 

concentrations, whereas more deformed and recrystallized xenoliths contain 

orthopyroxenes depleted in Al2O3, CaO and Na2O and relatively enriched in MgO 

(e.g., Szabó et al., 1995a). 

 Clinopyroxenes, common constituents in peridotitic upper mantle, are among 

the most sensitive minerals to indicate various physico-chemical processes occurring 

in the mantle.  Their crystal structures can accommodate several elements that cannot 

be incorporated into other common mantle phases.  Thereby both major and trace 

element composition of clinopyroxene provide valuable information on the processes 

that affected the mantle portion represented by the xenolith studied.  High chromium 

content in clinopyroxenes of mantle derived xenoliths is one of the major 

characteristic features of rocks derived from the lherzolitic xenolith suite, addressed 

as type-I (Frey and Green, 1974; Frey and Prinz, 1978) and often referred to as Cr-

diopside suite.  These xenoliths are characterized by relatively high Cr clinopyroxenes 

(~1 wt%) and are believed to represent a mantle portion, which is the residuum after 
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partial melting event(s) and the extraction of basaltic melts (Frey and Green, 1974; 

Frey and Prinz, 1978).  Basaltic major elements in the clinopyroxenes (e.g., Ti, Al, 

Na, (Fe)) generally show negative correlation, whereas Cr frequently displays marked 

positive correlation with Mg.  Clinopyroxene compositions, similarly to olivine and 

orthopyroxene also act sensitively to mantle deformation. 

 The only common non-silicates in the shallow subcontinental lithospheric 

mantle are spinels.  Besides being the main Al container, spinels in the Cr-diopside 

suite may also exhibit high Cr-contents.  In fact cr-numbers (Cr/Cr+Al) of spinels are 

effective indicators of partial melting and depletion.  Forsterite (Fo) content of 

olivines and cr-number of spinels was used by Arai (1994) to construct the olivine-

spinel mantle array (OSMA), which is believed to represent the path for partial 

melting and the extraction of basaltic melts in the mantle.  Cr-number of spinels with 

Na2O concentration of clinopyroxenes is also capable of demonstrating partial 

melting.  Moreover, Xu et al. (1998, 2003) suggests that such plots may also able to 

show metasomatic effects occurring as additional Na2O in clinopyroxenes, with 

respect to cr-number in spinels. 

 Detailed description of major element composition of peridotitic mantle 

xenoliths will be given based on xenolith locations, mostly relying on high quality 

data from the literature.  Where necessary, own measurements on xenoliths analyzed 

texturally and microstructurally in detail were also preformed and will be treated 

similarly data from the literature.  Tables (Table VI.1-5) summarizing geochemical 

compositions of analyzed phases only contain own analyses.  Other data shown will 

only be referred.  The order of xenolith locations is similar to that given in earlier 

chapters. 

 

SBVF 

 Xenoliths studied from the SBVF are dominantly protogranular (virtually 

undeformed) spinel lherzolites with the rare occurrence porphyroclastic lherzolites 

and protogranular-porphyroclastic harzburgites, probably of secondary origin.  Bulk 

major element composition of the rocks, studied by Vaselli et al (1996) reflects a 

rather undepleted character with relatively low MgO (average ~39-40 wt%) and 

relatively high concentration of basaltic major elements.  In contrary, harzburgites 
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display depletion in basaltic major elements with respect to MgO (~45 wt%) (Vaselli 

et al., 1996).  

 As expected similar characteristics are observed when turning to individual 

mineral compositions.  The mg-numbers of olivines analyzed by Kurat et al. (1991), 

Downes et al. (1992), Vaselli et al. (1996) and Embey-Isztin et al. (2001) are in the 

range of 0.85-0.92, with an average for the spinel lherzolites around 0.88 and 

somewhat higher (~0.91) for the harzburgites.  Due to low abundance of more 

deformed textural types, confirmed by high number of detailed studies (Kurat et al., 

1991; Downes et al., 1992; Vaselli et al., 1996, Embey Isztin et al., 2001), no apparent 

correlation between xenolith texture and olivine mg-number could be demonstrated.   

Samples selected for detailed microstructural analysis (Kf4, Kf5 and Kpfs17 

analyzed earlier by Vaselli et al. (1996)) and one sample analyzed earlier (Kf3; Falus 

et al., 2000), all spinel lherzolites, exhibit mg-numbers (Table VI.1) similar to the 

earlier studied lherzolites from the xenolith location (Kapfenstein).  Similar results 

arise for orthopyroxene compositions (Table VI.1).   

Clinopyroxenes, from the SBVF, the most sensitive mineral-phase for 

physico-chemical changes, also reflect quite monotonous character as demonstrated 

by earlier geochemical studies (e.g., Embey-Isztin et al., 2001).  Most of the 

compositions plot to high-Na high-Al field of the Na vs. Al plot (Figure VI.1).  Cation 

number of Na in the clinopyroxene is around or generally slightly above 0.1, whereas 

Al is in the range of 0.25-0.30 (Figure VI.1; Table VI.1).   

Composition of clinopyroxenes in the selected lherzolites falls within the same 

high-Na high-Al field as the majority of clinopyroxene compositions earlier analyzed, 

although clinopyroxenes in Kf3 display somewhat lower Na content (cat no.~0.04; 

Table VI.1).  Some harzburgites define a trend towards the low-Na low-Al part of the 

Na vs. Al diagram with cation numbers of Na and Al down to 0.05 and 0.1, 

respectively (Figure VI.1). 

Geochemical studies demonstrated that spinel compositions (namely cr-

number) cover a wide range from very low (0.04) to unusually high (0.59) values in 

the xenoliths.  Lherzolites, as expected are generally characterized by low cr-numbers 

(max. 0.26), whereas high cr-numbers are characteristic for the harzburgites (Table 

VI.1).  Although some of the harzburgites reflect low cr-numbers (0.10-0.12).  Cr-

numbers of the selected lherzolites (Kf3, Kf4, Kf5, Kf17) lies within the composition 

range defined by the other lherzolites from the xenolith location (Table VI.1).   
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Sample  Kf4    Kf5    Kf3    Kf17   

Texture  pr/po    po    pr    pr   

Mineral cpx opx sp ol cpx opx sp ol cpx opx sp ol cpx opx sp ol 

Element                 

SiO2 50.8 54.4 0.12 40.6 52.2 54.3 0.16 41.2 51.7 55.0 0.02 41.1 51.4 55.0 0.06 41.2 

TiO2 0.57 0.16 0.1 na. 0.3 0.11 0.13 na. 0.65 0.15 0.11 bd. 0.70 0.17 0.16 bd. 

Al2O3 7.61 5.13 56.7 na. 6.45 4.41 49.7 na. 7.33 4.99 59.1 0.03 7.33 4.81 59.2 0.02 

Cr2O3 0.76 0.32 8.74 0.02 0.99 0.52 16.1 0.03 0.70 0.32 8.01 0.01 0.67 0.23 7.99 0.01 

FeO 3.78 6.55 4.58 10.4 2.9 5.71 4.31 8.96 3.13 6.66 11.1 10.3 3.03 6.68 11.3 10.5 

MnO 0.12 0.11 8.28 0.16 0.1 0.14 8.19 0.1 0.09 0.14 0.07 0.16 0.11 0.12 0.06 0.17 

NiO 0.02 0.05 0.1 0.32 0.04 0.1 0.2 0.27 na. na. 0.37 0.34 na. na. 0.38 0.38 

MgO 15.0 32.2 0.4 49.3 15.2 33.19 0.28 50.3 15.1 32.7 21.2 49.2 14.9 32.9 21.3 49.2 

CaO 19.0 0.9 21.3 na. 19.4 0.82 20.5 na. 19.9 0.75 na. 0.06 19.7 0.70 na. 0.06 

Na2O 1.65 na. na. 0.08 1.68 na. na. 0.08 0.58 0.04 na. na. 1.75 0.11 na. na. 

Total 99.34 99.80 100.30 100.91 99.30 99.32 99.60 100.94 99.08 100.79 99.92 101.25 99.60 100.83 100.46 101.52 

                 

Al-cn. 0.33    0.28    0.32    0.32    

Na-cn. 0.12    0.12    0.04    0.12    

mg# Mg/Mg+Fe 0.88 0.90 0.82 0.89 0.90 0.91 0.82 0.91 0.90 0.90 0.77 0.90 0.90 0.90 0.77 0.89 

cr# Cr/Cr+Al   0.09    0.18    0.08    0.08  

Fo%    88.88    90.50    89.02    88.78 

Table VI.1 Composition of constituent phases of mantle xenoliths from the SBVF in wt%. Al-ca – 

cation number of Al; Na-ca cation number of Na; mg# - mg number; cr# - cr-number; Fo% - forsterite 

mol%; cpx – clinopyroxene; opx – orthopyroxene; sp – spinel; ol – olivine; na. – not analyzed; bd. – 

below detection limit. Data from Vaselli et al. (1996); Falus et al. (2000). 

 

 

       
 

Figure VI.1 Al vs. Na (cation number normalized to 6 oxygens) diagram of clinopyroxenes in mantle 

peridotites from the SBVF with respect to xenolith texture.  Samples, selected for detailed 

microstructural analysis are highlighted.  Data from Kurat et al. (1991), Vaselli et al. (1996), Falus et 

al. (2000), Embey-Isztin et al. (2001).  
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 Olivine and spinel compositions of earlier studied xenoliths and those selected 

for detailed analysis were plotted on OSMA-diagram (Figure VI.2).  All compositions 

fall within the array suggested by Arai (1994) to represent mantle depletion processes.  

Most of the xenolith compositions, including those selected for detailed study fall 

below or close to the line indicating 20% partial melting as already shown by Szabó et 

al. (1995a).  Some of the harzburgites, however, fall above the 20% partial melting 

line (Figure VI.2).  

 

 

       
 

Figure VI.2 Fo vs. cr#spinel diagram (OSMA; Arai, 1994) of mantle peridotites from the SBVF with 

respect to xenolith texture.  Note reverse order of Fo.  Samples, selected for detailed microstructural 

analysis are highlighted.  Also, dotted lines indicate the extent of partial melting (20%-30%). Data from 

Kurat et al. (1991), Vaselli et al. (1996), Falus et al. (2000), Embey-Isztin et al. (2001). 

 

The diagram of spinel cr-number vs. Na2O in clinopyroxene was first used by 

Xu et al. (1998, 2003) to demonstrate, whether a peridotite followed normal depletion 

or has experienced some kind of metasomatism.  Plotting SBVF compositions (Figure 

VI.3) indicate that most of the peridotites from earlier geochemical studies, and most 

of those selected for detailed study follow the normal depletion trend of the plot 

(Figure VI.3), and only rare deviancy towards higher Na2O contents is observed.  

Samples falling off the normal depletion trend are mostly the harzburgites and rare 

porphyroclastic lherzolite xenoliths like sample Kf5 selected for detailed study 

(Figure VI.3).  
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Figure VI.3 Na2O (wt%) in clinopyroxene vs. cr#spinel diagram (Xu et al., 2003) of mantle peridotites 

from the SBVF with respect to xenolith texture.  Samples, selected for detailed microstructural analysis 

are highlighted.  Area surrounded dashed line shows ‘normal’ depletion trend.  Data from Kurat et al. 

(1991), Vaselli et al. (1996), Falus et al. (2000), Embey-Isztin et al. (2001). 

 

LHPVF 

 Basalts rising from the deep mantle (e.g., Harangi, 2001) sampled xenoliths 

from the protogranular mantle only scarcely in the LHPVF.  Although some were 

described by Kurat et al., (1991), their geochemical characteristics are poorly studied.  

In fact the most abundant textural type among mantle xenoliths is porphyroclastic, 

whereas equigranular and secondary recrystallized xenoliths are also found (e.g., 

Kurat et al., 1991; Szabó et al., 1995b). 

 Geochemical studies (Kurat et al., 1991; Downes et al., 1992; Szabó et al., 

1995b; Embey-Isztin et al., 2001) showed that major element bulk composition of the 

xenoliths does not show remarkable variability.  MgO is in the range of 38-45 wt% 

and shows a weak negative correlation with basaltic major elements. 

 Mineral chemistry of samples from the LHPVF as demonstrated by detailed 

geochemical analysis (e.g., Szabó et al., 1995b) considerably differs from that of the 

SBVF.  Clinopyroxene compositions on the Al vs. Na plot (Figure VI.4, Table VI.2) 

clearly indicate a strong positive correlation.  Porphyroclastic compositions plot to the  
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high-Na and high-Al segment of the diagram (Figure VI.4) reaching typical values of 

0.1-0.15 and 0.25-0.33 respectively, whereas secondary recrystallized xenoliths, 

which are in fact harzburgites have low Al (0.06) and extremely low Na content 

(>0.01).  Equigranular samples fall in between these compositions. 

 

 

            
 

Figure VI.4 Al vs. Na (cation number normalized to 6 oxygens) diagram of clinopyroxenes in mantle 

peridotites from the LHPVF with respect to xenolith texture.  Samples, selected for detailed 

microstructural analysis are highlighted.  Note porphyroclast-recrystallized grain pairs connected with 

solid line. Some data from Downes et al. (1992), Szabó et al. (1995b), Embey-Isztin et al. (2001). 

 

Those samples selected for detailed microstructural analysis (GC06, GC03-06, 

GC03-12 and GC03-10 petrographically similar to BH42 of Szabó et al., 1995b; 

GC03-05 similar to BH55 of Szabó et al., 1995b) do not deviate from the trend 

displayed by the other xenoliths (Figure V.4) and plot to intermediate Al and Na 

compositions.  It is however remarkable that clinopyroxene porphyroclast (analyzed 

in GC03-06, GC03-12, Gko-07) all reflect depletion in Al towards the rims, whereas 

changes in Na content are not so significant (Figure VI.4; Table VI.2).  Similar zoning 

in clinopyroxene porphyroclasts (regarding Al) was also described by Embey-Isztin et 

al., 2001). 

 Olivine mg-numbers (~Fo) are also variable ranging from 89 for some of the 

porphyroclastic xenoliths to values as high as 92 for the recrystallized samples as 

shown by early geochemical studies (e.g., Szabó et al., 1995b).  Most of the samples 
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plot below or on the 20% partial melting line on the OSMA-diagram (Figure VI.5) 

however, one secondary recrystallized sample plots well above this line close to the 

30% partial melting (Figure VI.5).   

Selected samples all plot below or on the 20% partial melting line (Figure 

VI.5) together with the majority of samples analyzed earlier in the literature.  Core-

rim pairs of porphyroclast reflect negligible difference in both olivine mg-numbers 

and spinel cr-numbers (Figure VI.5; Table VI.2).   

 

 

            
 

Figure VI.5 Fo vs. cr#spinel diagram (OSMA; Arai, 1994) of mantle peridotites from the LHPVF with 

respect to xenolith texture.  Note reverse order of Fo.  Samples, selected for detailed microstructural 

analysis are highlighted.  Note porphyroclast-recrystallized grain pairs. Also, dotted lines indicate the 

extent of partial melting (20%-30%).  Data from Downes et al. (1992), Szabó et al. (1995b), Embey-

Isztin et al. (2001). 

 

Cr-number of spinels analyzed in earlier studies ranges between 0.1-0.5 also 

showing marked relation with xenolith textures.  Two trends can be distinguished on 

the spinel cr-number vs. Na2O in clinopyroxene diagram (Figure VI.6).  One trend 

unambiguously follows the normal depletion trend (Xu et al., 1998, 2003), whereas 

the other trend almost plotting on a straight line indicates considerable Na2O 

enrichment. 

Samples GC06, GC03-06, GC03-12, GC03-05 and GC03-10 fall on the 

normal depletion trend, whereas GC08 and Gko07 show Na2O enrichment (Figure 
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VI.6).  Core-rim pairs display similar compositions except for Gko07, where 

significant decrease in both Na2O in clinopyroxene and cr-number of spinel is 

observed towards the rims.  

 

 

             
 

Figure VI.6 Na2O (wt%) in clinopyroxene vs. cr#spinel diagram (Xu et al., 2003) of mantle peridotites 

from the LHPVF with respect to xenolith texture.  Samples, selected for detailed microstructural 

analysis are highlighted.  Note porphyroclast-recrystallized grain pairs.  Area surrounded dashed line 

shows ‘normal’ depletion trend.  Data from Downes et al. (1992), Szabó et al. (1995b), Embey-Isztin et 

al. (2001). 

 

BBHVF 

 Most of the xenoliths selected from detailed textural analysis originate from 

the BBHVF, the xenolith location which was probably the most extensively studied 

xenolith location among those of the Intra-Carpathian Basin System (e.g., Embey-

Isztin et al., 1976; 1984, 1989, 2001; Downes et al., 1992; Bali et al., 2001).  The 

xenolith location provides a large variety of xenolith textural types covering a large 

field of geochemical compositions. 

 Major element bulk compositions of xenoliths analyzed in earlier geochemical 

studies (e.g., Embey-Isztin et al., 1976; 1984, 1989, 2001; Downes et al., 1992; Bali et 

al., 2001), similarly to other xenolith locations display MgO contents between 38-46 

wt%, and negative correlation with basaltic major elements.   
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Mineral compositions of the mantle-derived xenoliths cover a large field of the 

analyzed interval.  Clinopyroxene compositions show a continuous trend from the 

undepleted high Al (0.35) and Na (0.13) contents (Figure VI.7), related to 

protogranular and porphyroclastic xenoliths to very depleted Al and Na compositions 

(0.07 and 0.02, respectively; Figure VI.7). 

 

 

 

              
 

Figure VI.7 Al vs. Na (cation number normalized to 6 oxygens) diagram of clinopyroxenes in mantle 

peridotites from the BBHVF with respect to xenolith texture.  Samples, selected for detailed 

microstructural analysis are highlighted. Some data from Downes et al. (1992), Embey-Isztin et al. 

(2001), Bali et al. (submitted). 

 

Samples selected for detailed textural analysis cover the full spectrum of 

compositions.  Szbd-13, a protogranular xenolith shows high Al (0.34) and 

considerably high Na (0.11) compositions (Figure VI.7, Table VI.3).  The other 

selected protogranular (Szbp-15) and the porphyroclastic xenolith (Szbd-9) display 

intermediate compositions, Szbd-9 being more depleted in both Al (0.18) and Na 

(0.03), whereas Szbp-15 displays more fertile compositions (Al-0.23, Na 0.06) (Table 

VI.3).  Equigranular samples (Szba1, Szbd-15, Szgk03-01, Tih03-02 and Szb21) plot 

to the more depleted end of the Na vs. Al plot (Figure VI.7). 
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The Al contents of the studied equigranular xenoliths range between 0.12-0.1, 

whereas Na content ranges from 0.03 to 0.07 (Table VI.3).  Clinopyroxenes in the 

poikilitic samples (Szb03-07, Tih03-12 and Tih03-13) show somewhat higher Al 

(0.17-0.26) and Na (0.06-0.08) contents compared to other poikilitic samples in the 

region (Table VI.3).  This may indicate weaker depletion or stronger metasomatic 

effects in these studied xenoliths. 

 Olivine mg-numbers of earlier geochemical studies (e.g., Embey-Isztin et al., 

2001) also display large variance from "fertile" values of 0.89 to highly "depleted" 

values of 0.92.  Fo-contents plotted against cr-number of spinels on the OSMA-

diagram indicate that most of the xenoliths plot below or close to the 20% partial 

melting line (Figure VI.8).  However some of the samples, even those displaying 

protogranular or porphyroclastic textures, plot above the 20% partial melting line.  

Some poikilitic samples fall close to the 30% partial melting line (Figure VI.8). 

 

 

              
 

Figure VI.8 Fo vs. cr#spinel diagram (OSMA; Arai, 1994) of mantle peridotites from the BBHVF with 

respect to xenolith texture.  Note reverse order of Fo.  Samples, selected for detailed microstructural 

analysis are highlighted. Also, dotted lines indicate the extent of partial melting (20%-30%).  Some 

data from Downes et al. (1992), Embey-Isztin et al. (2001), Bali et al. (submitted). 

 

Szbd-13 as expected, falls below the 20% partial melting line in the 

undepleted field of the diagram together with most of the protogranular xenoliths 

analyzed earlier.  Szbp-15 and Szbd-9 display high Fo contents and plot in the more 
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depleted field of the OSMA (Figure VI.8).  The selected equigranular samples 

similarly to those analyzed in earlier geochemical studies (e.g., Embey-Isztin et al., 

2001) cover wide range from low Fo-content (89) low cr-numbers (0.12) to high Fo 

content (0.92) high cr-numbers (0.42) (Table VI.3).  Samples with poikilitic textures 

exhibit high Fo content (91-92) and high cr-numbers (0.38-0.5) (Table VI.3) and all 

plot in the depleted field of OSMA (Figure VI.8). 

 Compositions, plotted on the Na2O in clinopyroxene vs. cr-number in spinel 

diagram, in most of the cases indicate considerable deviance (Na-enrichment) from 

the 'normal' depletion trend in xenoliths from earlier geochemical studies (e.g., Szabó 

et al., 1995b).  Xenoliths of all textural types show Na2O enrichment (Figure VI.9).   

 

 

               
 

Figure VI.9 Na2O (wt%) in clinopyroxene vs. cr#spinel diagram (Xu et al., 2003) of mantle peridotites 

from the BBHVF with respect to xenolith texture.  Samples, selected for detailed microstructural 

analysis are highlighted.  Area surrounded dashed line shows ‘normal’ depletion trend.  Some data 

from Downes et al. (1992), Embey-Isztin et al. (2001), Bali et al. (submitted). 

 

The selected samples show variable characters, Szbd-13 plots to the higher 

end (low cr-number, high Na2O-content) of the normal depletion trend.  Szbd-9 

compositions follow the 'normal' depletion trend, whereas Szbp-15 displays marked 

addition of Na2O (Figure VI.9).  All selected equigranular samples follow the 'normal' 

depletion trend.  Only Tih03-02 displays Na2O enrichment (Figure VI.9).  Poikilitic 
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xenoliths exhibit marked Na2O enrichment with respect to the ’normal’ depletion 

trend (Figure VI.9). 

 

NGVF 

 Mantle xenoliths from the NGVF are derived from several xenolith locations 

that are located along a more or less north-south line.  Remarkable textural variance is 

observed from north to south.  Xenoliths derived from the northern part of the 

volcanic field exhibit protogranular/porphyroclastic textures, whereas more to the 

south, towards the center of the Intra-Carpathian Basin System the predominance of 

porphyroclastic/ equigranular textures is observed (Szabó and Taylor, 1994 Konecny 

et al., 1995).   

 Major element bulk compositions of the peridotite xenoliths as demonstrated 

by Szabó and Taylor (1994), similarly to other xenolith locations show MgO contents 

from 39 to 44 wt%.  Basaltic major elements display marked negative correlation with 

the MgO content (Szabó and Taylor, 1994).   

 

 

 

             
 
Figure VI.10 Al vs. Na (cation number normalized to 6 oxygens) diagram of clinopyroxenes in mantle 

peridotites from the NGVF with respect to xenolith texture.  Samples, selected for detailed 

microstructural analysis are highlighted. Data from Szabó and Taylor (1994) and Konecny et al. 

(1995). 
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 Remarkable positive correlation is observed between Na and Al content of 

clinopyroxene compositions analyzed by earlier geochemical studies (Szabó and 

Taylor, 1994; Figure VI.10).  Al contents fall in a narrower range than in other 

xenolith locations (0-3-0.1), whereas Na contents display high variability.  As in other 

locations, xenoliths with the least deformed texture plot to the fertile part (Al and Na 

rich) of the diagram whereas, secondary recrystallized ones are characterized by low 

Al and Na contents (Figure VI.10). 

Selected samples (NBN27, NBN30 and NFL15) represent intermediate Al and 

Na values (0.22-0.17 and 0.0-0.08, respectively).  Composition of the selected 

samples coincides with that of equigranular xenoliths studied by Szabó and Taylor 

(1994) and Konecny et al (1995).  

Olivine ~Fo-contents are relatively low (87-90), whereas cr-numbers of 

spinels are also generally below 0.3 in the xenoliths analyzed earlier by Szabó and 

Taylor (1994).  Samples on the OSMA-diagram generally plot below or close to the 

20% partial melting line (Figure VI.11).  Although, some exceptions, displaying high 

cr-numbers up to 0.4 also occur (Table VI.4). 

 

Sample  NBN27    NBN30    NFL15   
Texture  mos-equ    mos-equ    mos-equ   
Mineral cpx opx sp ol cpx opx sp ol cpx opx sp ol 
Element             

SiO2 51.9 55.2  40.5 52.6 56.0  40.8 51.7 54.7  40.1 
TiO2 0.4 0.09 0.41 na. 0.08 0.03 0.09 na. 0.3 0.08 0.08 na. 
Al2O3 4.9 3.76 51.3 na. 3.93 2.51 34.7 na. 5.1 3.95 50.0 na. 
Cr2O3 0.63 0.36 14.3 na. 1.28 0.47 33 na. 0.8 0.35 18.0 na. 
FeO 2.94 6.32 13.1 10.2 2.49 5.81 14.1 8.94 3.36 7.63 14.5 11.7 
MnO 0.08 0.14 0.12 0.15 0.08 0.14 0.14 0.13 0.11 0.18 0.14 0.19 
NiO na. na. 0.27 0.33 na. na. 0.19 0.33 na. na. 0.34 0.37 
MgO 16.7 33.1 18.8 48.7 16.3 33.8 16.4 49.6 15.7 32.0 17.8 47.3 
CaO 21.2 0.68 na. 0.1 21.5 0.72 na. 0.1 21.1 0.73 na. 0.07 
Na2O 0.82 0.04 na. na. 1.09 0.05 na. na. 1.1 0.08 na. na. 
Total 99.57 99.69 98.3 99.98 99.35 99.53 98.62 99.9 99.27 99.7 100.86 99.73 

              
Al-cn. 0.21    0.04    0.22    
Na-cn. 0.06    0.08    0.08    

mg# Mg/Mg+Fe 0.91 0.90 0.72 0.89 0.92 0.91 0.67 0.91 0.89 0.88 0.69 0.88 
cr# Cr/Cr+Al   0.16    0.39    0.19  

Fo%    88.95    90.29    87.25 
Table VI.4 Composition of constituent phases of mantle xenoliths from the NGVF in wt%. Al-ca – 

cation number of Al; Na-ca cation number of Na; mg# - mg number; cr# - cr-number; Fo% - forsterite 

mol%; cpx – clinopyroxene; opx – orthopyroxene; sp – spinel; ol – olivine; na. – not analyzed; bd. – 

below detection limit. Data from Szabó and Taylor (1994). 
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The selected samples plot in remarkably different points of the Fo vs. spinel 

cr-number plot.  The sample NBN27 has low Fo content (89) and relatively low cr-

numbers (0.16) and plots in the undepleted segment of the OSMA.  NBN30, however 

displays higher Fo content (90) and cr-numbers and plots on the 20% partial melting 

line.  Whereas, NFL15 displays high cr-number (0.24) with respect to Fo in olivine 

(88) and plots somewhat outside the OSMA (Figure VI.11, Table VI.4) due to 

metasomatism. 

 

 

             
 

Figure VI.11 Fo vs. cr#spinel diagram (OSMA; Arai, 1994) of mantle peridotites from the NGVF with 

respect to xenolith texture.  Note reverse order of Fo.  Samples, selected for detailed microstructural 

analysis are highlighted. Also, dotted lines indicate the extent of partial melting (20%-30%).  Data from 

Szabó and Taylor (1994) and Konecny et al. (1995). 

 

The Na2O in clinopyroxene vs. spinel cr-number diagram (Figure VI.12) 

shows quite similar distribution to that of LHPVF (Figure VI.6).  However, most of 

the samples deviate from the 'normal' depletion trend  (Figure VI.12).  Nevertheless, 

xenoliths with the most undeformed texture follow the 'normal' depletion trend and 

plot to the fertile end (high Na2O; low cr-number) of the diagram (Figure VI.12).   

Among the studied samples only NBN 27 follows the 'normal' depletion trend  

(Figure VI.12), whereas the two other samples show marked enrichment in Na2O in 

clinopyroxene with respect to cr-number of co-existing spinel. 
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Figure VI.12 Na2O (wt%) in clinopyroxene vs. cr#spinel diagram (Xu et al., 2003) of mantle peridotites 

from the NGVF with respect to xenolith texture.  Samples, selected for detailed microstructural 

analysis are highlighted.  Area surrounded dashed line shows ‘normal’ depletion trend.  Data from 

Szabó and Taylor (1994) and Konecny et al. (1995). 

 

ETBVF 

 Compositions of mantle xenoliths of the ETBVF are of particular importance 

because they are the only alkali basalt hosted xenoliths representing the upper mantle 

of the TISZIA microplate (Figure II.3); all other samples are derived from the upper 

mantle of the ALCAPA microplate (e.g., Csontos, 1995; Figure II.3). 

 Major element bulk composition of the upper mantle xenoliths from the 

ETBVF is similar to all other xenolith locations studied.  MgO content of the 

peridotitic samples varies from 39 wt% in the most fertile lherzolites to 45 wt% in the 

most depleted harzburgites (Vaselli et al., 1995).  The strong negative correlation 

between basaltic major elements and MgO is clearly observed. 

 Turning to clinopyroxene compositions, Na and Al contents display a much 

narrower distribution (0.13 and 0.31, respectively) compared to other xenolith 

locations (Figure VI.13).  Clinopyroxene of the only harzburgite, however plots to the 

depleted part (low Na, low Al) of the diagram (Figure VI.13).  
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Selected samples (BG15, BG18, LGR09) exhibit Al contents around 0.2 and 

Na around 0.1 (TableVI.5; Figure VI.13).  A systematic variance in both Al and Na 

content of clinopyroxene porphyroclast cores, rims and neoblasts is observed in the 

mylonitic xenoliths (Rk99/04; LGR03-01 and NVTR03-01; Figure VI.13; Table 

VI.5).  Porphyroclast cores in all cases display high Al values around 0.3, whereas 

neoblasts and even more intensively porphyroclast rims show depletion in Al to 

values around 0.15-0.2.  Similarly, Na content also shows a remarkable depletion 

towards the rims and the neoblasts (from 0.07 to 0.05; Table VI.5). 

 

 

            
 

Figure VI.13 Al vs. Na (cation number normalized to 6 oxygens) diagram of clinopyroxenes in mantle 

peridotites from the ETBVF with respect to xenolith texture.  Samples, selected for detailed 

microstructural analysis are highlighted.  Note porphyroclast-recrystallized grain pairs in mylonitic 

xenoliths.  Some data from Vaselli et al. (1995). 

 

 Samples from the ETBVF generally plot well below the 20% partial melting 

line of the OSMA-diagram in those samples earlier analyzed in geochemical studies 

(Vaselli et al., 1995; Figure VI.14), having low Fo-content in olivine (86-90) together 

with low cr-numbers in spinel (below 0.2).  The only exception is a harzburgite, 

exhibiting relatively high Fo content (90) and cr-number (0.35).  This composition 

plots just above the 20% partial melting line (Figure VI.14).   
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The selected samples (including the mylonites) plot in the low Fo low cr field.  

Moreover, porphyroclast cores, rims and neoblasts exhibit practically similar Fo and 

cr values (Figure VI.14; Table VI.5).  

 

 

            
 

Figure VI.14 Fo vs. cr#spinel diagram (OSMA; Arai, 1994) of mantle peridotites from the ETBVF with 

respect to xenolith texture.  Note reverse order of Fo.  Samples, selected for detailed microstructural 

analysis are highlighted.  Note porphyroclast-recrystallized grain pairs in mylonitic xenoliths. Also, 

dotted lines indicate the extent of partial melting (20%-30%).  Some data from Vaselli et al. (1995). 

 

Distribution of samples on the Na2O in clinopyroxene vs. spinel cr-number 

diagram differs significantly from that observed in the other xenolith locations (Figure 

VI.15).  All xenoliths, plot to the uppermost part (high Na2O-low cr-number) of the 

normal depletion trend, regardless of their texture.  They all exhibit high Na2O content 

(generally above 1 wt%) together with low cr-numbers (Table VI.5).  Only one 

sample, the harzburgite displays evidence for Na2O enrichment (Figure VI.15). 

Samples selected for detailed analysis also plot to the high Na2O-low cr-

number part of the plot.  The depletion of Na2O in the mylonites from the 

porphyroclast cores towards the rims and the neoblasts is clearly shown on the 

diagram (Figure VI.15).   
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Figure VI.15 Na2O (wt%) in clinopyroxene vs. cr#spinel diagram (Xu et al., 2003) of mantle peridotites 

from the ETBVF with respect to xenolith texture.  Samples, selected for detailed microstructural 

analysis are highlighted.  Note porphyroclast-recrystallized grain pairs in mylonitic xenoliths.  Area 

surrounded dashed line shows ‘normal’ depletion trend.  Some data from Vaselli et al. (1995). 

 

VI.2 Modal metasomatism: its effects on major element 
composition of the upper mantle 
 Although the analysis of metasomatic phases in the peridotitic upper mantle 

fragments is not the major goal of the thesis, it is necessary to summarize its main 

aspects and features.  Detailed discussion of the significance of these phases is given 

in several papers (e.g., Vaselli et al., 1995, 1996; Szabó et al., 1995 and submitted; 

Bali et al., 2002). 

 Besides the so-called “dry” peridotite phases, hydrous minerals may also occur 

in the mantle.  These phases are the principal H2O containers of the mantle and are 

basically responsible for the average 0.5 wt% H2O present in the mantle.  They are 

believed to represent metasomatic processes occurring in the subcrustal realm.  

Among hydrous phases, amphibole is the most common in the subcontinental 

lithospheric mantle although phlogopitic mica also occurs.  Amphiboles, besides 

clinpyroxenes, generally incorporate basaltic major elements and are hosts for several 

incompatible trace elements.   
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Pargasitic and kearsutitic amphiboles and phlogopitic micas occur as modal 

metasomatic minerals in both peridotite and pyroxenite xenoliths from the Intra-

Carpathian Basin System.  Amphiboles, occurring as interstitial phases, veins and 

selvages, are more common than phlogopites.  In spite of the significant textural 

variation of amphibole, they display moderate variation in major element 

composition.  All amphiboles from the NGVF, LHPVF, SBVF and ETBVF are 

pargasites, whereas BBHVF amphiboles show wide compositional range, where Mg-

hastingsite and kaersutite also can be found (Figure VI.16).  The occurrence of 

amphiboles in the SBVF and ETBVF shows weak preference to textural types, 

presumably because of the low variability textures in these regions.  Nevertheless, 

amphiboles in the xenoliths from the central portion of the basin show strong 

preference to the most strongly deformed and recrystallized rocks.  They are 

practically absent from protogranular and porphyroclastic xenoliths in these locations 

(Szabó et al., submitted). 

 

 
 

Figure VI.16 Fe3+/[Fe3++Al(VI)] vs. Ti for amphiboles in upper mantle xenoliths from the Intra-

Carpathian Basin System.  Data source for SBVF: Vannucci et al., 1994; Vaselli et al., 1996; Bali et al., 

submitted; for LHPVF: Szabó et al., 1995a; for BBHVF: Embey-Isztin, 1976; Bali et al., 2002; for 

NGVF: Szabó and Taylor, 1994; for ETBVF: Zanetti et al., 1995; Vaselli et al., 1995; Szabó et al., 

submitted).  The fields of pargasite, Mg-hastingsite and kaersutite are taken after Leake (1978).  Values 

of Fe3+ were calculated using equation of Droop (1987). 
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An indirect evidence for the presence of hydrous metasomatic phases is the 

occurrence of melt pockets in peridotite xenoliths.  These small melted and partially 

crystallized pockets are suggested to be related to melting and breakdown of 

metasomatic amphiboles (e.g., Bali et al., 2002).  These amphiboles often went 

through mantle processes as they became source materials for the subsequent silicate 

melt pocket formation (e.g., Bali et al., submitted).  In the LHPVF, BBHVF and 

NGVF xenoliths melt pockets can be considered to be common although minor 

constituents of mantle xenoliths.  They contain assemblages of glass, ±clinopyroxene, 

±olivine, ±spinel, ±plagioclase, ±carbonate, ±sulfide and ±apatite.  Their size is 

similar to those of the other mantle minerals in the xenoliths.  Melt pockets occur 

dominantly in deformed and recrystallized xenoliths.  It has been demonstrated that 

the melting of mantle amphibole (and coexisting clinopyroxene) played a significant 

role in the formation of the melt pockets even in those cases when the amphibole was 

completely missing in the assemblage of the studied xenolith (Bali et al., submitted; 

Bali, 2004).   

 

VI.3 Incompatible trace elements in the peridotite xenoliths of 
the Intra-Carpathian Basin System 
 Some of the trace elements are effective indicators of lithospheric mantle 

processes such as depletion and enrichment.  Rare earth elements are among the most 

frequently used trace elements in peridotitic rocks that are successfully applied in this 

manner.  Rare earth elements are incompatible with the anhydrous spinel peridotite, 

being the most common rock type in the shallow sub-continental lithospheric mantle.  

Partial melting, thus the removal of basaltic component from the mantle, strongly 

affects their relative abundances (McDonough and Frey, 1989).  Light rare earth 

elements (LREE) are more incompatible than heavy rare earth elements (HREE) and 

thus will become strongly depleted in the refractory mantle during partial melting and 

the extraction of basaltic elements.  Xenoliths, being fertile in basaltic major elements, 

also reflect LREE depleted character (Downes, 2001).  Enrichment processes, related 

to interaction of depleted mantle wall rock with percolating fluids and melts, generally 

results in strong enrichment of LREE with respect to HREE.  These enrichment 

processes are generally associated with depletion in basaltic major elements (e.g., 

Frey and Green, 1974).  The enrichment processes are believed to occur due to 
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chromatographic fractionation (Bodinier et al., 1990), thus the evidence for the effect 

of enrichment is mostly observed close to melt veins and diminishes with distance 

(e.g., Szabó et al. 1995b, Vaselli et al., 1995).   

 Clinopyroxene, one of the constituent phases of mantle peridotites, is the 

mineral phase, which accommodates rare earth elements in the highest concentration.  

Rare earth element concentration in clinopyroxenes is about 7 times higher than in the 

bulk rock (Downes, 2001).  Therefore, rare earth concentrations of the clinopyroxene 

(in dry peridotites) controls bulk rock rare earth geochemistry.  Consequently, rare 

earth composition of mantle xenoliths is sufficiently described analyzing the 

composition of clinopyroxenes. 

 Rare earth elements of clinopyroxenes in the Intra-Carpathian Basin System 

mantle xenoliths, hosted in Neogene alkali basalts, have been extensively studied.  

Significant correlation between texture, i.e., deformation state of the mantle xenolith 

and chondrite-normalized rare earth element pattern has been observed in the samples.  

Protogranular and some of the porphyroclastic xenoliths display LREE depleted 

patterns with low La/Nd (<0.5) and also low Sm/Yb (< 1) ratios.  In contrast, 

deformed and recrystallized (equigranular) xenoliths generally display high La/Nd 

and moderate Sm/Yb ratios (Downes, 2001).  This concentration distribution is 

frequently observed in other xenolith locations, e.g., Massif Central (Downes and 

Dupuy, 1987; Zangana et al., 1997).   Amphiboles are also hosts for rare earth 

elements.  Their rare earth element pattern, being interstitial or vein amphibole varies 

between LREE depleted and LREE enriched character, respectively (e.g., Vaselli et 

al., 1995).  Rare earth pattern of vein amphiboles closely reflects the enriched nature 

of the host alkali basalts (e.g., Downes and Vaselli, 1995).  Depleted characters for 

interstitial amphiboles may be due to re-equilibration with the wall rock peridotite or 

continuous depletion of migrating fluids due to wall-rock fluid interaction (e.g., Szabó 

et al., 1995b).   

 Concentration of other trace elements, such as large ion lithophile elements 

(LILE), i.e., Rb Sr, Ba, etc. and high field strength elements (HFSE), i.e., Zr, Hf, Nb, 

etc. also bear with significant importance in tracking the evolution and reconstructing 

various chemical processes occurring in the sub-continental lithospheric mantle.  

LILE-elements, being strongly incompatible to the peridotititic material, strongly 

favor partitioning into partial melts of the upper mantle.  Thus, chondrite normalized 

trace element patterns of upper mantle material, which followed the ‘normal’ 
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depletion trend, would exhibit negative anomalies of these elements.  Subduction-

related percolating fluids and silicate melts, for instance, derived by low degree partial 

melting and are thus enriched in LILE elements, would consequently cause 

enrichment in the depleted peridotitic material, resulting in strong positive Rb, Sr, Ba, 

U, etc. anomalies.  In contrary, in such cases the HFSE elements will show negative 

anomalies due to their weak solubility in aqueous fluids.  HFSE elements tend to 

partition in carbonatitic melts and often display positive anomalies in asthenosphere-

derived partial melts (Downes, 2001). 

 Xenoliths depleted in basaltic major elements and have high mg-numbers 

generally display LREE enriched patterns (e.g., Downes et al., 1992).  This indicates 

metasomatism of the upper mantle material by REE enriched percolating fluids.  HFS 

elements, although their analysis is very scarce, generally show negative correlation 

with increasing mg-numbers (e.g., Vaselli et al., 1996).  This indicates their depletion 

associated with the partial melting and mobilization of basaltic elements (Embey-

Isztin et al. 2001b; Dobosi, 2003). 

 

VI.4 Radiogenic isotope composition of the peridotite 
xenoliths from the Pannonian Basin 
 Radiogenic isotopes, studied in mantle derived xenoliths worldwide.  

Radiogenic isotopes not only indicate depletion and enrichment processes in the 

mantle, but are also capable of giving age data related to large scale processes, mostly 

partial melting that affected lithospheric mantle.  Three isotopic systems are widely 

used for upper mantle material (Rb-Sr; Sm-Nd, Pb-Pb), although recently the 

application of Re-Os isotopic system is getting more and more widespread.  Isotopic 

compositions are mostly retrieved from separated and leached clinopyroxene.   

 Sr and Nd isotope compositions from the Pannonian Basin xenoliths were 

analyzed by several studies (e.g., Downes et al., 1992; Vaselli et al., 1995, 1996).  

These works revealed that 87Sr/86Sr ratios vary between depleted 0.70307 and 

enriched 0.70523 values, whereas 143Nd/144Nd falls between enriched 0.513341 and 

depleted 0.512733 (Downes et al., 1992; Vaselli et al., 1995, 1996).  Most of the 

xenoliths studied in the literature fall between depleted MORB compositions and the 

Bulk Earth value (e.g., Downes et al., 1992).  Some of the studied samples plot in the 

field of host alkali basalts, whereas others show similarities with Bulk Earth (Figure 
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VI.17).  Similarly to major and trace element compositions, Sr and Nd isotope 

compositions display strong correlation with the state of deformation (i.e., xenolith 

texture).  Protogranular samples representing virtually undeformed mantle portion 

reflect the most depleted nature showing high 143Nd/144Nd and low 87Sr/86Sr ratios and 

falling in, or close to the MORB field (Vaselli et al., 1995; Downes and Vaselli, 1995; 

Figure VI.17).  In contrary, deformed xenoliths generally show more enriched 

character (high 87Sr/86Sr and low 143Nd/144Nd ratios) falling close either to host alkali 

basalts or Bulk Earth.  The Nd isochron indicates (not shown) that depletion, 

efficiently changing Nd isotopic compositions of the upper mantle beneath the Intra-

Carpathian Basin System occurred ~1 Ga before recent times (e.g., Downes et al., 

1992; Vaselli et al., 1995; Embey-Isztin et al., 2001b).  

  The Pb isotope system, although, the number of analyses carried out is 

much lower than on Sr-Nd isotopes, indicates mixing between depleted mantle 

material, low in radiogenic Pb and a plume component with more radiogenic Pb 

(Rosenbaum et al., 1997).  Some rare Intra-Carpathian Basin System samples also 

indicate a subducted sediment component (Wilson et al., 1997).  
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Figure VI.17 143Nd/144Nd vs. 87Sr/86Sr isotope ranges for peridotitic mantle xenoliths from the Intra-

Carpathian Basin System from leached clinopyroxenes with respect to xenolith location and texture.  

Isotopic data of the SBVF from Vaselli et al. (1996) and Bali et al. (submitted); LHPVF and BBHVF 

from Downes et al. (1992); NGVF from Szabó et al. (unpublished); ETBVF from Vaselli et al. (1995); 

isotopic range of 'host basalt' from Salters et al. (1988).  MORB and Bulk Earth values are also 

indicated, data from Hart (1984). 
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VII. Physical conditions in the upper mantle beneath the Intra-
Carpathian Basin System 
 
 Peridotite xenoliths derived from the upper mantle not only provide 

information on the chemical composition of the mantle (see Chapter VI.), but they 

also offer a unique opportunity to study physical conditions (temperature, oxygen 

fugacity and pressure) characterizing the subcontinental lithospheric mantle.  

Moreover, geochemical features (depletion and enrichment processes) could be 

correlated with the estimated physical conditions. 

 This chapter summarizes geothermometric and oxygen fugacity estimations 

carried out on peridotitic xenoliths analyzed in the last few decades.  The aim of this 

chapter is twofold: 1) to construct a coherent picture of the thermal state and oxygen 

fugacity of the upper mantle beneath the Pannonian Basin system and to explore the 

relation of deformation state of the represented upper mantle to the estimated 

equilibrium temperatures and oxygen fugacity; 2) to trace the reliance between 

estimated equilibrium temperatures, oxygen fugacity and the geochemical variation in 

the peridotite xenoliths.  Equilibrium pressure estimations will not be covered due to 

large uncertainties in the methods and the lack of adequate paleogeobarometer in the 

spinel lherzolite field.  However, petrographic evidence of earlier high-pressure 

phases and their information on the evolution of the physical state of the mantle will 

be discussed in Chapter VIII.  

  

VII.1 Paleogeothermometry 
 Most of the geothermometers used to estimate crystallization temperatures of 

mineral assemblages assume chemical equilibrium between co-existing phases.  This 

is generally the starting condition for most of the thermometers.  The main theoretical 

basis of these thermometers is the exchange or transfer reactions between coexisting 

minerals.  In reliable thermometers these reactions are mostly temperature dependent 

and largely independent on pressure.  The applicability and effectiveness of 

thermometers can be shown if a certain exchange or transfer reaction is both available 

for simple and complex systems (e.g., Brey and Köhler, 1990). 

 In the following section the thermometer most frequently used in the spinel 

lherzolite environment (Brey and Köhler, 1990) will be treated in detail.  The effect of 
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chemical compositions will also be tested and a coherent picture of the thermal state 

of the mantle using the most reliable geothermometer will be given. 

  

Two-pyroxene thermometer 

 The two-pyroxene thermometer of Brey and Köhler (1990) was constructed 

using experimental results in the simple CMS (Calcium-Magnesium-Silicon) system.  

The system was mathematically treated with valid thermodynamic solution models for 

mixing properties of coexisting pyroxenes.  Empirical models (Bertrand and Mercier, 

1985; Finnerty and Boyd, 1987) served as a basis for the empirical barometer.  

Moreover, additional non-ideality parameters for clinopyroxene were also needed to 

reproduce very well experimental results obtained in the CMS system.  The simple 

system used for thermobarometric calibration is useful because it is less susceptible to 

analytical errors due to fewer fitted parameters. 

 Brey and Köhler (1990) found that (lnKD)2 of the transfer reaction of En(opx) 

= En(cpx) is linearly dependent on inverse temperature, where  

KD = (1-CaM1)cpx/(1-CaM2)opx    (1) 

This linear relation, in contrary to curved relation between lnKD and inverse 

temperatures, enables treating the CMS system as entirely ideal (Brey and Köhler, 

1990).  Similar relation was found in the experiments (Brey and Köhler, 1990) on 

natural systems. 

 The following equation was found to give appropriate results in natural 

systems: 

T= [23058 + 38.4P]/[14.12 + (ln *
DK )2]   (2) 

This equation reproduces experimental data to ± 16 oC (1σ) in natural systems.  The 

equation is based on the assumption that the occurrence of Ca is restricted to the M2 

site of the pyroxenes and that Mg in the M1 site of clinopyroxene equals to that of Mg 

in the M1 site of orthopyroxene.  Although in natural systems, instead of KD *
DK  term 

is used, because of necessary Na correction (see later).   

 The assumption of equal Mg on M1 sites in both pyroxenes is not entirely 

fulfilled in the CMAS (Calcium-Magnesium-Aluminum-Silicon) system because of 

Mg-Al interaction on the M1 site in both pyroxenes.  Therefore, interaction between 

the two pyroxenes may not be treated as ideal.  This non-ideal behavior results in 

larger errors of temperature estimations (60 oC – 1σ).  Nevertheless, ideal behavior is 
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found again in the CMASCr (Calcium-Magnesium-Aluminum-Silicon-Chromium) 

system (Brey and Köhler, 1990).  It seems likely that Cr-Ca cross-site interactions 

counterbalance Ca-Al interactions (Nickel, 1989).  Thus, the behavior of the system 

can be treated ideal. 

 As mentioned above for natural systems, correction for Na is necessary, using 

the following equation constructed on theoretical basis: 

Ca* = CaM2/(1-NaM2)     (3) 

and KD (1) changes to 

         *
DK  = (1-Ca*)cpx/(1-Ca*)opx    (4) 

The importance and effectiveness of Na correction was shown by Mori and Green 

(1978).  This correction enabled quite good reproduction of experimental 

temperatures. 

 The effect of Al is counterbalanced by Cr and the correction for Na is also 

included in the equation for natural systems.  The only element which causes 

deviation from equation 2 is Fe.  The presence of Fe creates strong decrease in Ca in 

the clinopyroxenes, whereas the Ca content of coexisting orthopyroxenes slightly 

increases (Davidson and Lindsley, 1985).  With the Fe correction for natural systems, 

the following equation reproduces best experimental conditions: 

)(59.11)(ln38.13
)(3.1269.24(23664

2* opx
FeD

cpx
Fe

BKN XK
PX

T
⋅++

⋅++
= ,  (5) 

where T is in kelvin, P in kilobars (Brey and Köhler, 1990).  The thermometer 

reproduces experimental temperatures to ± 15oC (1σ).  The equation has the 

advantage that it does not show systematic dependence either on temperature or 

pressure or compositional parameters.  Moreover, the equation can be applied to wide 

range of compositions from virtually Fe free compositions of pyroxenes down to mg-

numbers of 89 and even to mg-numbers of 85-80 with minimal errors (Brey and 

Köhler, 1990).   

All equilibrium temperatures were estimated at 10 and 25 kbar confining pressures, 

also to test pressure dependence of the thermometer.  Different pressures resulted in 

~30oC (≈2σ) difference between lower and higher pressures.  This encouraged the 

author to represent temperature data of the lower pressure estimation (see results 

given below)  
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VII.2 Oxygen fugacity (oxygen barometry) 
 The highly heterogeneous nature of the oxidation state of peridotitic upper 

mantle is well known and was recognized in several studies (e.g., Ballhaus et al., 

1990; Ballhaus, 1993).  The variance is large that differences in oxygen fugacity 

within the mantle may reach 4 orders of magnitude.  The oxidation state of a specific 

mantle section (or domain) is a fundamental physical property, which among others 

influences the pressure and temperature position of the mantle solidus and also the 

composition of the mantle derived melts and fluids.  Moreover, it may also influence a 

large number of geophysical properties and even the deformation characteristics of the 

mantle (e.g., Taylor and Green, 1987).   

 Spinel, a common phase in mantle derived material carries valuable 

information on the oxidation state of the mantle represented by the studied sample.  

Spinel is the only common mantle phase in spinel lherzolites which, due to its crystal 

structure may contain considerable amounts of Fe3+ besides Fe2+(e.g., Ballhaus et al., 

1990).  The oxygen barometer of Ballhaus et al. (1991), which is a widely used 

technique for mantle materials, uses the following redox reaction: 

Fayalite + O2 = Magnetite + Quartz (FMQ) 

These parameters are gained from the sample analyzing both olivine and spinel 

compositions.  Independent pressure and  temperature estimates are also required to 

solve the oxygen barometry equation of Ballhaus et al (1990): 

 

where P is in GPa, T in K, sp
FeX +3  and sp

AlX  the Fe3+/∑R3+ and Al/∑R3+ ratios in spinel 

and ol
FeX  and sp

FeX +2  the (Fe2+/(Fe2+ + Mg) ratios in olivine and spinel, respectively. 

 Samples studied in this work and those from the literature dealing with 

peridotite xenoliths from the Intra-Carpathian Basin System (Downes et al., 1992; 

Szabó and Taylor, 1994; Szabó et al., 1995a; Vaselli et al., 1995, 1996; Embey-Isztin 

et al., 2000) were plotted in oxygen fugacity vs. temperature diagram (Figure VII.1-

5).  Variables for the equation were taken from measured chemical compositions, 

pressure was assumed to be constant (1 GPa) for all samples, whereas equilibrium 

temperatures used in the equation were calculated according to the method of Brey 
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and Köhler (1990; TBKN) see details above.  It is noteworthy that using 1 GPa for all 

samples generates an error in the estimations.  The effect of pressure on oxygen 

fugacity was also tested.  The result is a decrease of ∆logfO2 (FMQ) by 0.015-0.2 

units for 0.1 GPa.  Typical values for ∆logfO2 (FMQ) in materials derived from the 

sub-continental lithospheric mantle are between FMQ 1 to FMQ-2 (e.g., Ballhaus, 

1993).  It is strongly suggested that the increase of ∆logfO2 (FMQ) is controlled by 

water rich subduction related oxidizing fluids (e.g., Ballhaus, 1993).  Nevertheless, 

the depletion process of the mantle may also control oxygen fugacity, because 

depleted peridotites are poorer in Fe than fertile ones, and the buffer capacity of Fe2+ 

is much lower (Ballhaus, 1993). 

 Thermal and oxidation state of the upper mantle beneath the Intra-Carpathian 

Basin System will be reviewed according to the earlier chapters.  Noted that 

temperature and oxygen fugacity values were estimated for 1 GPa.  

 

VII.3 Temperature and oxygen fugacity of the peridotite 
xenoliths 
SBVF 

Mantle xenoliths from the Styrian Basin Volcanic Field display a relatively 

narrow range in equilibrium temperatures and adjoining oxygen fugacity values.  

Equilibrium temperatures range from almost 1200 oC to temperatures somewhat  

above 900 oC (Table V.1, Figure VII.1).  Oxygen fugacity values, although cover a 

range between –1.5 - 1.25 (FMQ), they generally fall above the FMQ buffer 

regardless of xenolith texture (Figure VII.1).  Although the variability in textures is 

quite restricted in the region.  Slight negative correlation of oxygen fugacity with 

increasing temperature is observed.  Similar results were obtained from MORB 

samples by Ballhaus (1990).  Porphyroclastic xenoliths seem to have somewhat lower 

equilibrium temperatures than protogranular ones (940-1080; 910-1180 oC, 

respectively).  However this difference is not significant.  Even less pronounced 

difference is observed in oxygen fugacities (Table V.1, VII.1, Figure VII.1).   

Samples selected for detailed microstructural study display values coinciding 

with equilibrium temperatures and oxygen fugacity values of xenoliths earlier studied.  

Equilibrium temperature is the highest (1130 oC) for sample Kf3, whereas the lowest 

temperatures for Kpfs17 are still above 1000 oC (1015 oC).  The oxygen fugacity 
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values, similarly to those earlier studied (e.g., Vaselli et al., 1996) fall close to the 

QFM buffer (Table V.1, VII.1) 

 

Location                  SBVF     
Sample Kf3 Kf4 Kf5 Kf17 
Texture pr pr/po po pr 

          TB&K 1128 1076 1057 1014 
•logfO2  -0.5 0.37 0.43 -0.37 

Table VII.1 T – equilibrium temperature and ∆logfO2 – oxygen fugacity estimated for mantle xenoliths 

from the SBVF using the method of Brey and Köhler (1990) and Ballhaus et al. (1990), respectively. 

Data from Vaselli et al. (1996). 

 

 

                
 

Figure VII.1 Equilibrium temperature vs. ∆oxygen fugacity (∆FMQ) diagram for mantle peridotites 

from the SBVF with respect to xenolith textures.  Samples selected for detailed microstructural study 

are highlighted.  Equilibrium temperatures were calculated using the method of Brey and Köhler 

(1990), oxygen fugacity according to Ballhaus et al. (1990).  Horizontal black line denotes FMQ-0, 

vertical red line at 1200 oC indicates ‘recent’ realistic maximum temperature for the lithosphere in the 

region.  Data from Kurat et al. (1991), Vaselli et al. (1996), Falus et al. (2000), Embey-Isztin et al. 

(2001). 

 

Textural connection to the oxygen fugacity is more clearly observed on the 

oxygen fugacity vs. cr-number of spinel diagram (Figure VII.2).  Xenoliths with 

protogranular textures generally plot to the low ∆FMQ, low cr-number end of the 

diagram.  Harzburgites with protogranular texture (supposedly of secondary origin) 

are found on the high end of the plot (Figure VII.2).  
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Selected samples, with the exception of Kf5, display low cr-numbers (~0.08, 

0.17, respectively) with variable oxygen fugacity values (-0.49-0.43). 

 

 

             
 

Figure VII.2 Cr#spinel vs. ∆oxygen fugacity (∆FMQ) diagram for mantle peridotites from the SBVF 

with respect to xenolith textures.  Samples selected for detailed microstructural study are highlighted.  

Oxygen fugacity calculated according to Ballhaus et al. (1990).  Horizontal black line denotes FMQ-0.  

Data from Kurat et al. (1991), Vaselli et al. (1996), Falus et al. (2000), Embey-Isztin et al. (2001). 

 

LHPVF 

 Mantle xenoliths from the LHPVF have porphyroclastic to secondary 

recrystallized textures.  Equilibrium temperatures are somewhat lower than those 

estimated for the SBVF samples.  For most of the xenoliths it is below 1000 oC down 

to around 800 oC (Table V.1; Figure VII.3).  However, some of them fall close to 

1150 oC (Table V.1; Figure VII.3).  Oxygen fugacity values are remarkably lower 

than those observed for SBVF going down to FMQ –2.  Significant correlation 

between xenolith textures and estimated equilibrium temperatures is observed (Table 

V.1; Figure VII.3).  Porphyroclastic xenoliths plot to the high temperature-low 

oxygen fugacity part of the diagram, whereas secondary recrystallized xenoliths 

display low temperature and high oxygen fugacity (Table V.1, VII.2; Figure VII.3).  

Although some exceptions (Gko07) do occur, a marked negative correlation between 

equilibrium temperature and ∆FMQ is observed.  Similar distribution was found for 

MORB samples (Ballhaus, 1990). 
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Location         LHPVF             
Sample GC03-05(BH55) GC03-10 (BH42) GC06 GC08 Gko07 Gko07 GC03-06 GC03-06 GC03-12 GC03-12 GC03-12 
Texture  po po/equ po po/equ po/equ po/equ po po po po po 
         pc-core pc-rim pc-core pc-rim pc-core pc-rim rec 
TB&K 995 960 960 788 1125 1148 902 823 857 920 864 
•logfO2  -3.24 0.19 -0.03 1.41 1.17 0.75 -1.42 -0.68 -0.45 -1.2 -1.67 
Table VII.2 T – equilibrium temperature and ∆logfO2 – oxygen fugacity estimated for mantle xenoliths 

from the LHPVF using the method of Brey and Köhler (1990) and Ballhaus et al. (1990), respectively. 

Note core-rim-recrystallized grain relations. pc – porphyroclast; rec – recrystallized grain. Some data 

from Szabó et al. (1995b). 

 

Selected samples follow the main temperature-oxygen fugacity trend.  The 

highest temperatures among the studied xenoliths are observed in xenolith GC03-05 

(similar to Bh55 of Szabó and Taylor, 1994) (1000 oC) with the exception of Gko07 

(~1150 oC).  No clear relation between temperature and oxygen fugacity of core-rim-

recrystallized grain was observed (Table V.1, VII.2; Figure VII.3).  
 

 

        
 

Figure VII.3 Equilibrium temperature vs. ∆oxygen fugacity (∆FMQ) diagram for mantle peridotites 

from the LHPVF with respect to xenolith textures.  Samples selected for detailed microstructural study 

are highlighted.  Note porphyroclast core-rim-recrystallized grain groups.  Equilibrium temperatures 

were calculated using the method of Brey and Köhler (1990), oxygen fugacity according to Ballhaus et 

al. (1990).  Horizontal black line denotes FMQ-0, vertical red line at 1200 oC indicates ‘recent’ realistic 

maximum temperature for the lithosphere in the region.  Some data from Downes et al. (1992), Szabó 

et al. (1995b), Embey-Isztin et al. (2001). 

 

 The relation of textures to oxygen fugacity and cr-numbers is also clear.  Less 

deformed samples, plot to the low ∆logfO2 (FMQ) low cr-number end of the diagram, 
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whereas secondary recrystallized grains are found on the high cr-number-high 

∆logfO2 end of the plot (Figure VII.4).  

 

   

          
 

Figure VII.4 Cr#spinel vs. ∆oxygen fugacity (∆FMQ) diagram for mantle peridotites from the LHPVF 

with respect to xenolith textures.  Samples selected for detailed microstructural study are highlighted.  

Note porphyroclast core-rim-recrystallized grain groups.  Oxygen fugacity calculated according to 

Ballhaus et al. (1990).  Horizontal black line denotes FMQ-0.  Some data from Downes et al. (1992), 

Szabó et al. (1995b), Embey-Isztin et al. (2001). 

 

BBHVF 

 The xenolith locations of BBHVF provide the widest range of xenolith 

textures in the region.  In fact, estimated equilibrium temperatures display the widest 

range from 830 to 1200 oC (Table V.1, VII.3, Figure VII.5).  Despite the high 

variability in equilibrium temperatures, oxygen fugacity values fall in a narrow range 

(FMQ-1.5- 1) typical of samples derived from young subcontinantal lithospheric 

mantle (Ballhaus, 1993).  Marked negative correlation between equilibrium 

temperatures and ∆FMQ-values similarly to xenoliths from the LHPVF.  Clear 

relation between xenolith textures and temperature-oxygen fugacity values was 

observed (Table V.1, Figure VII.5).  Similarly to LHPVF, undeformed xenoliths plot 

to the high temperature-low oxygen fugacity part of the diagram, whereas with 

increasing deformation and recrystallization xenoliths display continuously lower 

temperature and higher oxygen fugacity (Table V.1, VII.3, Figure VII.5).   
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Location           BBHVF           
Sample Szbd-13 Szbp-15 Szbd-9 Szba1 Szbd-15 Szgk03-01 Szb21 Tih03-02 Szb03-07 Tih03-12 Tih03-13 
Texture pr pr pr tab-equ tab-equ tab-equ mos-equ mos-equ poik poik poik 

                        TB&K 1154 1128 1070 1017 978 1009 940 1071 1093 1125 1100 
•logfO2  -2.19 -2.21 -0.55 -0.49 -0.38 0.09 -0.55 0.96 -0.24 0.09 0.67 
Table VII.3 T – equilibrium temperature and ∆logfO2 – oxygen fugacity estimated for mantle xenoliths 

from the BBHVF using the method of Brey and Köhler (1990) and Ballhaus et al. (1990), respectively. 

Data of Szb21 from Bali et al. (submitted). 

 

 

            
 

Figure VII.5 Equilibrium temperature vs. ∆oxygen fugacity (∆FMQ) diagram for mantle peridotites 

from the BBHVF with respect to xenolith textures.  Samples selected for detailed microstructural study 

are highlighted.  Equilibrium temperatures were calculated using the method of Brey and Köhler 

(1990), oxygen fugacity according to Ballhaus et al. (1990).  Horizontal black line denotes FMQ-0, 

vertical red line at 1200 oC indicates ‘recent’ realistic maximum temperature for the lithosphere in the 

region.  Some data from Downes et al. (1992), Embey-Isztin et al. (2001), Bali et al. (submitted). 

 

Selected samples generally follow the temperature-oxygen fugacity trend of 

xenoliths earlier studied (e.g., Embey-Isztin et al., 2001).  Protogranular samples like 

Szbd-13 and Szbp-15 display high equilibrium temperatures (~1150 oC) and low 

oxygen fugacity with typical values around QFM-2.5.  Selected porphyroclastic and 

equigranular xenoliths follow plot to lower equilibrium temperature and higher 

oxygen fugacity.  However, poikilitic samples from Tihany (Tih03-12, -13) reflect 

high equilibrium temperature (~1100oC) together with high oxygen fugacity values 

(~∆FMQ 0.4).   
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 The relation of textures to oxygen fugacity and cr-numbers is also clear.  Less 

deformed samples plot to the low ∆FMQ low cr-number end of the diagram, whereas 

secondary recrystallized grains are found on the high end of the plot (Figure VII.6). 

 

 

           
 

Figure VII.6 Cr#spinel vs. ∆oxygen fugacity (∆FMQ) diagram for mantle peridotites from the BBHVF 

with respect to xenolith textures.  Samples selected for detailed microstructural study are highlighted.  

Oxygen fugacity calculated according to Ballhaus et al. (1990).  Horizontal black line denotes FMQ-0.  

Some data from Downes et al. (1992), Embey-Isztin et al. (2001), Bali et al. (submitted). 

 

 A relation of textures to oxygen fugacity in the selected samples is also clearly 

observed.  The least deformed samples display plot to the low cr-number-low ∆logfO2 

portion of the diagram, whereas equigranular, poikilitic xenoliths exhibit high cr-

number-high ∆logfO2 values.   

 

NGVF 

 In contrast to other xenolith locations of the Intra-Carpathian Basin system, 

samples from the NGVF cluster in a narrow temperature (~1000-900oC) and oxygen 

fugacity range (∆FMQ-1.5-0).  No significant difference between porphyroclastic and 

equigranular samples was observed (Figure VII.7).  However, secondary 

recrystallized xenoliths, similarly to the other xenolith locations reflect low 

equilibrium temperatures and high oxygen fugacity (Table V.1, VII.4; Figure VII.7).  

No clear relation between the temperature and oxygen fugacity values is observed. 
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Location   NGVF   
Sample NBN27 NBN30 NFL15 
Texture equ equ equ 

        TB&K 1004 919 939 
•logfO2  -0.45 -0.5 -1.02 

Table VII.4 T – equilibrium temperature and ∆logfO2 – oxygen fugacity estimated for mantle xenoliths 

from the NGVF using the method of Brey and Köhler (1990) and Ballhaus et al. (1990), respectively. 

Data from Szabó and Taylor (1994). 

 

Selected samples (NBN27, NBN30 and NFL15), all equigranular plot well 

within the field defined by other equigranular xenoliths of the volcanic field (920-

1000 oC; ∆FMQ-1- -0.4; Table V.1, VII.4; Figure VII.7).  

 

 

   
 

Figure VII.7 Equilibrium temperature vs. ∆oxygen fugacity (∆FMQ) diagram for mantle peridotites 

from the NGVF with respect to xenolith textures.  Samples selected for detailed microstructural study 

are highlighted.  Equilibrium temperatures were calculated using the method of Brey and Köhler 

(1990), oxygen fugacity according to Ballhaus et al. (1990).  Horizontal black line denotes FMQ-0, 

vertical red line at 1200 oC indicates ‘recent’ realistic maximum temperature for the lithosphere in the 

region.  Data from Szabó and Taylor (1994) and Konecny et al (1995). 

 

 

 Despite the lack of any remarkable correlation in the T vs. ∆FMQ plot (Figure 

VII.7), the oxygen fugacity vs. cr-numbers plot clearly defines a strong trend.  

Similarly to all other locations, the texturally most primitive xenoliths plot to the low 

∆FMQ low cr-number end of the diagram, whereas with increasing deformation and 

recrystallization, samples tend to display higher oxygen fugacity higher cr-number 
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defining a marked positive correlation of cr-numbers and ∆FMQ (Table V.1, VII.4; 

Figure VII.8).  Selected xenoliths do not deviate from this defined trend.  

 

 

           
 
Figure VII.8 Cr#spinel vs. ∆oxygen fugacity (∆FMQ) diagram for mantle peridotites from the NGVF 

with respect to xenolith textures.  Samples selected for detailed microstructural study are highlighted.  

Oxygen fugacity calculated according to Ballhaus et al. (1990).  Horizontal black line denotes FMQ-0.  

Data from Szabó and Taylor (1994) and Konecny et al (1995). 

 
ETBVF 

 Mantle xenoliths from the ETBVF, similarly to those of SBVF represent 

relatively low textural variability.  Peridotitic samples derived from the region are 

mostly protogranular or porphyroclastic (addressed as “foliated”).  Nevertheless, some 

rare xenoliths with mylonitic textures (described in detail in Chapter V. and Falus et 

al. in prep.) are also found.  Equilibrium temperatures are low (750-1030 oC) and 

oxygen fugacity values displayed are also relatively low compared to the other 

xenolith locations (∆FMQ-2.5- 1; generally close to or below FMQ).  A remarkable 

positive correlation between equilibrium temperatures and oxygen fugacity values is 

observed (Table V.1, VII.5; Figure VII.9).  Xenoliths with undeformed texture display 

the highest equilibrium temperatures and highest oxygen fugacity values, whereas 

with more intense recrystallization xenoliths tend to display lower oxygen fugacity 

and equilibrium temperature values (Figure VII.9).  Such trends were found in old 

lithospheric material (Ballhaus, 1993). 
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Location              ETBVF           

Sample BG18 BG15 LGR09 LGR09 Rk99/04 Rk99/04 LGR03-01 LGR03-01 LGR-03-01 NVTR03-01 NVTR03-01 NVTR03-01 

Texture pr fol fol myl myl myl myl myl myl myl myl myl 
      pc rec pc rec. pc-core pc-rim rec pc-core pc-rim rec 

TB&K 1024 805 785 899 707 971 908 857 864 886 893 920 
•logfO2  -0.76 -0.6 -1.22 -1.38 -0.05 0.05 -1.6 -1.09 -1.51 -1.98 -2.63 -1.78 
Table VII.5 T – equilibrium temperature and ∆logfO2 – oxygen fugacity estimated for mantle xenoliths 

from the LHPVF using the method of Brey and Köhler (1990) and Ballhaus et al. (1990), respectively. 

Note core-rim-recrystallized grain relations. pc – porphyroclast; rec – recrystallized grain. Some data 

from Vaselli et al. (1995). 

 

 

            
 

Figure VII.9 Equilibrium temperature vs. ∆oxygen fugacity (∆FMQ) diagram for mantle peridotites 

from the ETBVF with respect to xenolith textures.  Samples selected for detailed microstructural study 

are highlighted.  Note core-rim-recrystallized grain groups for foliated and mylonitic xenoliths.  

Equilibrium temperatures were calculated using the method of Brey and Köhler (1990), oxygen 

fugacity according to Ballhaus et al. (1990).  Horizontal black line denotes FMQ-0, vertical red line at 

1200 oC indicates ‘recent’ realistic maximum temperature for the lithosphere in the region.  Some data 

from Vaselli et al. (1995).  Note, xenoliths with protogranular/porphyroclastic textures plot to the 

higher ∆FMQ part of the diagram. 
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Most of the selected samples follow the overall trend defined by the mantle 

xenoliths earlier studied (Vaselli et al., 1995).  At the joint occurrence of 

porphyroclasts and recrystallized grains, equilibrium temperatures and oxygen 

fugacity values of the different grain generations were analyzed.  With the exception 

of a mylonite (LGR03-01), recrystallized grains reflect remarkably higher equilibrium 

temperatures (30-200 oC; Table V.1, VII.5, Figure VII.9) with only minor differences 

(~0.5) in oxygen fugacity with respect to porphyroclasts. 

The selected samples also follow the steep trend defined by xenoliths earlier 

studied.  Difference in porphyroclasts and neoblasts in the selected samples is only 

controlled by minor variance in the ∆FMQ values (Table V.1, VII.5). 

 

   

       
 
Figure VII.10 Cr#spinel vs. ∆oxygen fugacity (∆FMQ) diagram for mantle peridotites from the ETBVF 

with respect to xenolith textures.  Samples selected for detailed microstructural study are highlighted.  

Note core-rim-recrystallized grain groups for foliated and mylonitic xenoliths.  Oxygen fugacity 

calculated according to Ballhaus et al. (1990).  Horizontal black line denotes FMQ-0.  Some data from 

Vaselli et al. (1995). 
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VIII. Discussion 
 

VIII.1 The effect of annealing on olivine fabrics 

 Most of the mantle derived xenoliths world wide undoubtedly experienced to 

some extent certain static recrystallization and annealing.  Petrographic evidence for 

such processes are straight, gently curved grain boundaries and the lack of subgrains 

and undulouse extinction in the crystals (Passchier and Trouw, 1995).  Static grain 

growth is also evidenced by abundant triple junctions.  Peridotitic upper mantle 

fragments, displaying such textural features, are often addressed as equigranular 

texture (e.g., Mercier an Nicolas, 1975).  It is widely accepted that annealing and 

static recrystallization is a thermally induced process (Lloyd et al., 1997), however, 

the presence of migrating fluids and/or melts may also assist or at least influence the 

recrystallization process.  Thus, annealing may take place in situ in the mantle after 

the cessation of deformation if mantle temperatures are high enough (>800-900 oC) 

(e.g., Harte et al., 1977; Mercier an Nicolas, 1975).  On the other hand, a subsequent 

thermal and geochemical impulse related to rising of hot asthenospheric material, as 

demonstrated for mantle material of various origins (Van der Wal and Bodonier, 

1996, Vauchez and Garrido, 2001, Xu et al., 2003), may also result in annealing and 

static recrystallization.  Finally, transport of mantle xenoliths in their host magmas 

may also reside in static recrystallization as suggested for some kimberlite-hosted 

xenoliths (Mercier, 1979). 

Annealing, as displayed by their textural characteristics, is a distinctive 

process in the lithospheric upper mantle represented by most of the xenoliths from the 

central part of the Intra-Carpathian Basin System.  It is strongly suggested that 

annealing was related to asthenospheric upwelling, which was the most intensive 

beneath the central portion of the basin (Huismans, 2001).  It is thus a relevant 

question how lattice preferred orientation (LPO) of olivines formed during 

deformation, predating annealing, survive static recrystallization.   

Detailed fabric analysis was carried out on peridotite massifs, ophiolites and 

mantle xenoliths that have experienced intensive static recrystallization due to intense 

interaction with (hot) asthenospheric material observed both in their textural and 

geochemical characteristics (Van der Wal and Bodonier, 1996, Vauchez and Garrido, 
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2001; Xu et al., 2003; Vauchez and Tommasi, 2003).  These studies clearly 

demonstrated that original lattice preferred orientations are well preserved after static 

recrystallization.  Effect of the presence of migrating fluids during annealing was also 

discussed in these studies.  Samples that have undergone the most percolation of 

migrating melts/fluids, geochemical modification by these fluids and the precipitation 

of new phases observed display very weak olivine LPO, whereas those showing 

moderate geochemical modification display only slight changes in olivine LPO 

(Vauchez and Tommasi, 2003). 

 Studied xenoliths from the Intra-Carpathian Basin System all exhibit weak to 

strong LPO.  The decisiveness of LPOs is suggested to be dependent on the number of 

olivine grains analyzed but also is believed to be influenced by annealing and static 

recrystallization.  To test the influence of the number of olivines analyzed in the 

decisiveness of experienced LPO olivine orientations were selected randomly from 

two xenoliths with relatively strong LPO (Figure VIII.1).  Results clearly show that 

marked difference from the original patterns (100 olivines) only resides at very low 

projected orientations (~10).  Above this critical number, only minor changes with 

respect to the projection of 100 grains are observed.  This suggests that in xenoliths, 

displaying weak fabric, either olivine patterns were originally weak or they were 

modified during annealing and static recrystallization.  Most of the weak LPOs are 

related to equigranular or poikilitic xenoliths (e.g., Szbd-10, Szba2, Tih03-02, Szb03-

07, Szbd-8, GC03-05; Figure V.5, 10).  Some of these xenoliths (Szbd-8) still contain 

orthopyroxene porphyroclasts with lobated grain boundaries (Figure IV.9), displaying 

textural indication of percolating reactive melts during annealing and static 

recrystallization.  Similar textural features in ophiolites were described by Dijkstra et 

al. (2002).  These studies demonstrated that the specific occurrence of lobated 

orthopyroxene porphyroclasts is a strong sign for the migration and interaction of 

reactive melts.  Intensive reaction of peridotite wall rock with percolating melts may 

indeed change and reset original lattice preferred orientation in mantle xenoliths (e.g., 

Vauchez and Tommasi, 2003).   
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Figure VIII.1 Olivine [001] orientation patterns in two samples from the BBHVF (Szgk03-01) and the 

ETBVF (LGR09).  The orientation patterns contain 100-10 olivine [001] orientations randomly 

selected from the database.  Note, that significant deviance from the pattern of 100 grains only occurs 

at n=10.  Lower hemisphere, equal area projection.  Data contoured at 1, 2, 3,… times uniform 

distribution 

 

 However, it seems that recrystallization was not intense enough to fully erase 

lattice preferred orientations.  Weak to strong lattice preferred orientation in all 

selected xenoliths was clearly observed.  Orientation distribution of olivine axes in 

samples with weak lattice preferred orientation shows a strong scatter on these plots.  

However, a systematic girdle of olivine [100]-axes toward [010]-axes is clearly 

observed in all cases (e.g., Figure V.10).  This feature is not related to any known slip 

system in olivine.  Girdle of [100]- and [010]-axes, at least partly, is attributed to 

dynamic recrystallization and progressive misorientation (Tommasi et al., 2000).  

Although, probably annealing and static recrystallization may have remarkable 

influence on the observed pattern.  In fact, similar patterns, though more pronounced 

were found in xenoliths from Kaapval craton (Tommasi et al., 2000).  This could 

mean that deformation/recrystallization processes that drive the development of such 

specific orientation patterns are confined to rigid the lithosphere. 

 An important question arises whether or not the systematic occurrence of 

girdles of [100]- and [010]-axes are in any way related to the presence of percolating 

melts?  Anisotropy of melt distribution and the resulting anisotropy in the 

permeability of mantle rocks is enhanced by lattice preferred orientation of constituent 

mineral phases, primarily olivine.  Basaltic melts preferably wet (010) faces of olivine 

(e.g., Waff and Faul, 1992; Daines and Kohlstedt, 1997) because the liquid/solid 

interfacial energies are the lowest on this face (Waff an Faul, 1992).  It is possible that 

static recrystallization was dominated by the minimization of melt/solid interfacial 
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energies.  This resulted in the crystallization of neoblasts with specific orientations 

that contribute to the systematic changes in the lattice preferred orientation..   

 

VIII.2 Relation between equilibrium temperatures and 
deformation patterns 
 Equilibrium temperatures of basalt hosted mantle fragments can be estimated 

using major element compositions of constituent mineral phases (see Chapter VII. for 

details; e.g., Brey and Köhler, 1990).  These equilibrium temperatures are believed to 

represent thermal state of the lithospheric mantle at the instance they were sampled by 

the host alkali basalts (e.g., Szabó et al., 1995a).  Nevertheless, equilibrium 

temperatures estimated for xenoliths are applicable for relative comparison at least for 

samples derived from the same volcanic vent. 

 The estimated equilibrium temperatures are suggested to provide information 

on the relative position of mantle portions represented by the xenoliths within one 

xenolith location.  Thus, higher equilibrium temperatures (e.g., protogranular 

xenoliths from the BBHVF) represent deeper mantle portions, whereas lower 

equilibrium temperatures of equigranular xenoliths from the same location are 

characteristic for shallower mantle sections.  Although, it must be noted that the 

estimation of equilibrium temperatures by the thermometer applied for the selected 

samples (Brey and Köhler, 1990) is based on solid state element diffusion, grain size 

also has a marked effect on the resulting temperatures.  This is because the closure 

temperature of diffusion is among other factors strongly dependent on grain-size 

(Dodson, 1973; Spear, 1993).  Nevertheless, the deviations in equilibrium 

temperatures related to grain size differences are believed not to have influenced the 

equilibrium temperatures reasonably. 

 A comparison of deformation fabrics and related equilibrium temperatures was 

only carried out at xenolith locations where the olivines in the studied xenoliths 

displayed variable LPOs.  Moreover, sufficient number of deformed xenoliths was 

available for a detailed textural study.  Based on these limiting criteria the samples 

from only four of the five principal xenolith locations (LHPVF, BBHVF, NGVF and 

ETBVF) were selected for further analysis. 
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Xenoliths with high temperature deformation (slip on the (010)[100] system) 

 Orientation patterns from the selected xenolith localities can be classified into 

three major groups.  The first group, which is present in all four localities is the one 

where olivine axis orientations display point maximum distributions parallel to the 

macroscopic lineation in the foliation plane (olivine [100]-axes), perpendicular to the 

lineation in the foliation plane (olivine [001]-axes) and perpendicular to both the 

foliation plane and the lineation (olivine [010]-axes) (Figure V.2, 3, 6, 11, 12), all 

with high multiples of uniform distribution.  This type of distribution is frequently 

observed in deformed mantle rocks world wide (e.g., Mercier and Nicolas, 1975; Van 

der Wal and Bodonier, 1996; Dijkstra et al., 2001).  The orientation distribution 

corresponds to dislocation creep deformation (intracrystalline glide) on the high 

temperature (>1000 oC) (010)[100] slip system (e.g., Carter and Avé Lallemant, 

1970).  Misorientation analysis of these samples, namely Szbd-13 (Figure V.20) from 

the BBHVF and GC03-10 (Figure V.16) of LHPVF shows that rotation axes of low 

angle grain boundaries cluster close to [001]-axis and also suggests for slip on the 

(010)[100] slip system.  The mantle xenoliths that exhibit this specific orientation 

pattern from the LHPVF, BBHVF (central portion) reflect the highest equilibrium 

temperatures among xenoliths from the xenolith locations (Figure VII.3, 5).  

Moreover, these high-T xenoliths also display low oxygen fugacity values (Table 

VII.2, 3; Figure VII.3, 4, 5, 6).  The studied NGVF samples, however, reflect olivine 

orientation pattern, which suggests high temperature dislocation creep in the 

(010)[100] slip system.  These xenoliths exhibit various but generally relatively low 

equilibrium temperatures (1000-900 oC) and oxygen fugacity values close to the QFM 

buffer (Figure VII.7).  Similarly, xenoliths from the ETBVF with olivine LPOs 

indicating slip on the (010)[100] slip system all exhibit the lowest equilibrium 

temperatures (800-900oC), and oxygen fugacity values (Figure VII.9).  It is more than 

interesting that ETBVF samples all reflect low equilibrium temperature values with 

respect to other xenolith locations of the Intra-Carpathian Basin System.  This feature 

is most likely related to the peripheral position of the ETBVF within the studied 

region, however their different origin (TISZA-microplate) with respect to other 

xenolith locations (ALCAPA-microplate) in the Intra-Carpathian Basin System 

should be noted (e.g., Csontos, 1995; Figure II.1).  It is possible that the lithospheric 

mantle of the TISZA-block had a different evolution from that of the ALCAPA, 

reflected in the difference in their thermal (and oxidation) state (Figure VII.9, 10).   
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Xenoliths with deformation on multiple slip systems 

 The second type of olivine LPO is characterized by strong point maximum of 

olivine [010]-axes perpendicular to the foliation, whereas [100]- and [001]-axes 

exhibit girdles around the foliation plane.  The [010] and [001]-axes display high 

multiples of uniform distribution, whereas [100] axes show low- intermediate values.  

This type of orientation pattern is solely observed in xenoliths from the LHPVF and 

BBHVF (Figure V.4, 7, 8), whereas only one weak indication for this orientation type 

was found among the NGVF xenoliths (Figure V.11; NMS032). 

Olivines in xenoliths displaying such orientation distributions are only rarely 

reported in natural samples (e.g., Mercier and Nicolas, 1975; Tommasi et al., 2000; 

Dijkstra, 2001), however, do occur in high-T-p experimental runs (e.g., Zhang et al., 

2000).  Misorientation analysis of these samples clearly indicates a double maximum 

distribution of rotation axes of low misorentation angle grain boundaries plotting 

close to the [001]- and the [010]-axis, however, girdles of these axes are also 

observed.  This distribution pattern suggests that beside the (010)[100] slip system, 

other slip systems, most probably the (100)[001] (Zhang et al., 2000) and probably the 

activation of olivine [100]&[001] with twist walls in the (010) plane (e.g., Darot and 

Gueguen, 1981) cannot be excluded.  Some of the xenoliths analyzed exhibit tabular 

equigranular texture (Szba1, Szbd-15, Szgk03-01) with relatively coarse grain size, 

indicating static grain growth, which may have significantly changed original parental 

grain-subgrain relations.  Nevertheless, misorientation pattern of these xenoliths 

(Figure V.17) is quite similar to those that have presumably preserved “original” 

grain-grain relations (e.g., GC03-06, Figure V.15; Szb28, Figure V.18). 

Some simple shear experiments succeeded to reproduce such fabrics in 

recrystallized grains (Zhang et al., 2000).  The development of these orientations in 

the experiments is suggested to be related to a switch from shear geometry controlled 

lattice preferred orientation to a stress controlled one (Zhang et al., 2000).  In this case 

instead of [100]-axes aligning parallel to the shear direction, [010]-axes cluster 

subparallel to the maximum stress (σ1).  However, in these rocks significant 

difference occurs between the orientation of porphyroclasts and recrystallized grains, 

which is not true for the studied samples from the Intra-Carpathian Basin System.  In 

fact, recrystallized grains and porphyroclasts display similar orientation distribution 
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(Figure VIII.2ab) implying that subgrain rotation, although present, did not affect 

LPOs.  Similar orientation patterns in natural samples were interpreted to have formed 

in a deformation regime having a remarkable flattening component (e.g., Dijkstra, 

2001).  Alternatively, the development of such LPOs might be related to multi-stage 

deformation when remarkable strain and fabric development is superimposed by 

another deformation also with considerable strain but with a maximum 

strain/stress/flow axes at large angles (sub-perpendicular) to the earlier one.  Simply 

because of geometric reasons (i.e., Schmid-factor; see Chapter III. for details) this 

should result in the activation and considerable contribution of slip systems normally 

not being important in accommodating intracrystalline deformation. 

 

 
Figure VIII.2 Olivine orientation patterns of two xenoliths from the ETBVF (LGR09) and the BBHVF 

(Szb28).  The orientation of recrystallized grains is shown separately from that of the whole orientation 

distribution.  Note similarities between two types of distributions in both samples.  In both cases n=100 

for the whole orientation patterns and n=25 for recrystallized grains (recr.).  Horizontal red line denotes 

orientation of macroscopic foliation or compositional banding; L – macroscopic lineation.  Lower 

hemisphere, equal area projection.  Data contoured at 1, 2, 3,… times uniform distribution. 

 

These samples, although displaying very different textures in LHPVF and 

BBHVF, all exhibit low equilibrium temperatures ~900 and ~1000oC, respectively.  
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This low temperature corresponds to the results of Zhang et al (2000), who 

demonstrated the activation of multiple slip systems at low temperatures and low 

strains.  It is also remarkable that this orientation distribution shows a strong 

preference to tabular equigranular xenoliths in the BBHVF (Table V.3).  However, 

some porphyroclastic and mosaic equigranular xenoliths also display similar olivine 

LPO (Table V.3, Figure V.7).  Xenoliths from the LHPVF with this specific LPO are 

all porphyroclastic showing no or just subordinate annealing and static 

recrystallization.  This feature implies that tabular equigranular xenoliths from the 

BBHVF represent LPOs of real deformation events and are not the consequence of 

static recrystallization.  This implies that static recrystallization responsible for the 

formation of tabular equigranular textures is a young process following major basin 

forming events beneath the studied region.  

 

Xenoliths with deformation on the {0kl}[100] slip system 

Olivines in some rare xenoliths from the BBHVF and LHPVF exhibit distinct 

olivine patterns from the other two described above.  Olivine [100]-axes show a point 

maximum distribution parallel to the lineation in the foliation plane, whereas [010]- 

and [001]-axes exhibit girdles perpendicular to the foliation (Figure V.5, 9).  This 

orientation pattern suggests that deformation occurred on the {0kl}[100] slip system 

(Carter and  Avé Lallemant, 1970).  Mantle peridotites with similar orientation 

distribution pattern are often observed (e.g., Van der Wal, 1993;  Dijkstra, 2001).  

Moreover, the rotation axes distribution of low angle misorientation grain boundaries 

in the studied sample displays quite similar pattern to rocks Dijkstra (2001) studied.  

Equilibrium temperature of the xenolith with the specific orientation pattern is 

intermediate (~1070oC) between the high temperature xenoliths displaying evidence 

for (010)[100] slip and those indicating significant contribution of (100)[001] slip and 

[100]&[001] slip with twist walls in (010). 

 A clear relation between deformation pattern and equilibrium temperatures 

(depth of origin) is only observed in the xenoliths from the BBHVF and LHPVF.  The 

lack of this systematic in the other xenolith locations could also be related to low 

variance in xenolith textures (SBVF, ETBVF) or low number of xenoliths analyzed 

(NGVF).  It should be noted, however, that sample NBN52 from the NGVF also 

displayed tabular equigranular texture, but orientation patterns are similar to others of 

the NGVF. 
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Cataclasites and mylonites 

 Xenoliths showing evidence of extremely localized deformation are also found 

among xenoliths from the Intra-Carpathian Basin System.  Such xenoliths are rare and 

two textural groups were identified: 1) Cataclasites from the BBHVF (Falus et al., 

2004) and 2) mylonites from the ETBVF (Falus et al., in prep.).  Cataclasites are 

suggested to form in very late stages of the evolution of the Intra-Carpathian Basin 

System, and are related to mantle earthquakes associated with alkali basaltic 

volcanism (Falus et al., 2004).  The development of mylonites is suggested to be more 

complex and is related to major basin forming processes.  These kind of textures 

(rather than fabrics) in mantle rocks are attributed to low temperature (<800oC) 

localized plastic deformation (e.g., Vissers et al., 1997).  The mechanism that drives 

shear localization is the grain size reduction related to dynamic recrystallization in the 

dislocation creep regime during ongoing deformation (e.g., Van der Wal, 1993).  At a 

certain stage of deformation where the grain size reaches a critically low value a 

switch in the deformation mechanism, accommodating deformation from grain size 

insensitive (dislocation creep) to grain size sensitive (GSS) creep (i.e., diffusion 

creep) occurs (Van der Wal et al., 1993; Vissers et al., 1997; Dijkstra et al., 2002).   

 Localization in the mylonites and also the cataclasites is believed to be 

associated with melt infiltration (Falus et al., 2004), evidenced by interstitial glass 

(Figure VIII.3).  Porphyroclasts in the mylonites exhibit strong shape preferred 

orientation, i.e., they are elongated subparallel to the foliation.  Weak indication of 

lattice preferred orientation in the mylonites is also observed (Figure V.13).  

However, the low number of porphyroclasts (n<20) measured indicates that 

orientation data should be handled with care.  Equilibrium temperatures of 

porphyroclast cores in the mylonites (Rk99/00; NVTR03-01 and LGR03-01) in all 

cases exhibit low-very low equilibrium temperatures (750-900oC; Figure VII.9).  Rim 

of the porphyroclasts and recrystallized matrix grains in the mylonites generally 

indicate higher temperature (830-980 oC), suggesting that during deformation thermal 

conditions have remarkably changed (+30-100oC).  This temperature elevation is  
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Figure VIII.3 Mylonitic xenolith from the ETBVF (LGR03-01).  Infiltration of glass is observed along 

an orthopyroxene porphyroclast, which displays elongated shape.  The orthopyroxene porphyroclast 

contains clinopyroxene exsolution lamellae and is surrounded by recrystallized olivine orthopyroxene 

and spinel.  ol-olivine; opx-orthopyroxene; sp-spinel, cpx-clinopyroxene; gl-glass; SEM image.  

 

attributed either to shear heating or the infiltration of melts or both.  Taking into 

consideration the position of the ETBVF, being close to the subducting European slab 

(Figure 2 in Chalot-Prat and Girbacea, 2000), it is not senseless to account for 

shearing related to the motion of the subducting slab as demonstrated by Peacock 

(1992).  However, the traceable changes in oxygen fugacity in the mylonite 

porphyroclasts and matrix (Figure VII.9) presume some kind of interaction of 

peridotitic wall rock with infiltrating melts. 

 Recrystallized olivine grain size was used to estimate differential stress 

driving the formation of mylonites using paleopiezometric methods (e.g., Avé 

Lallemant et al., 1980; Karato et al. 1980; Van der Wal, 1993).  Grain size of the 

recrystallized olivines was determined applying image analysis on digital SEM 

images.  Minimum grain sizes were found in sample NVTR03-01 (30-40 microns).  

This grain size corresponds to differential stress ~100 MPa, which seems realistic for 

supra subduction shear zone environment (e.g., Peacock, 1992).  Even higher 

differential stress (~150 MPa) is suggested to have operated in case of the cataclasites 

displaying average recrystallized grain size (10-20 microns).  These latter ones, as 
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demonstrated by Falus et al. (2004) are suggested to be related to deep-seated 

earthquakes. 

 

VIII.3 The evidence and quantification of lithospheric thinning 
during basin formation 
 There is no doubt that the formation of the Intra-Carpathian Basin System had 

considerable effect on the lithospheric upper mantle.  Geophysical studies already in 

the 1950s and early 1960s suggested that the asthenosphere beneath the region is in an 

anomalously high position (e.g., Stegena, 1974).  Structural geological studies (e.g., 

Csontos, 1995; Tari and Horváth, 1995; Fodor et al., 1999; Tari et al., 1999) and 

subsidence modeling (e.g., Royden et al., 1983; Huismans et al, 2001) demonstrated 

that thinning of the lithosphere was significant (β~1.5-2) and that in the central potion 

of the basin the lithospheric mantle thinning was significantly larger (γ~2-6) than that 

of the crust.   

 Petrographic evidence for the lithospheric thinning was also provided by 

several xenolith studies.  Reaction products of pressure dependent phase 

transformations (i.e., breakdown of garnet) in lower crust (Török, 1995; Dégi and 

Török, 2004) and upper mantle (Falus et al., 2000) material were used to quantify the 

thinning, i.e., decrease in pressure.  Thinning of the crust in the central portion of the 

Pannonian Basin was found to be around 15 km (Török, 1995, Dégi and Török, 2004), 

whereas the thinning in the lithosphere could reach 40-60 km (Falus et al., 2000), 

estimated for the marginal portions of the basin system.   

 Pyroxene-spinel symplectites occurring in some of the xenoliths from the 

LHPVF (Figure IV.6) are also suggested to be the breakdown products of garnet 

(Falus et al., in prep.).  The bulk composition of these clusters (Table VIII.1) with 

coexisting orthopyroxene and clinopyroxene porphyroclasts, both containing 

exsolution lamellae (Figure IV.3, 4, respectively), could be used to obtain more 

precise estimates on the physical conditions (pressure and temperature) of an earlier 

state of the lithosphere before the thinning and the formation of the Intra-Carpathian 

Basin System with respect to estimates of Falus et al. (2000).  The expected reason for 

the higher precision lies within the relative intact composition of symplectite 

compared to pyroxene-spinel clusters of the ETBVF and SBVF, that clearly 

recrystallized and to some rate have reached equilibrium with the host minerals.  The 
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preservation of exsolution lamellae in the orthopyroxene and clinopyroxene 

porphyroclasts also indicates low diffusion rates operating in these rocks.  Moreover, 

temperature values representing the garnet peridotitic environment can also be 

directly estimated using the recalculated pyroxene compositions with the application 

of the Brey and Köhler thermometer (1990). 

 The former garnet exhibits high pyrope content (~72 mol%), in accordance 

with garnet composition derived from the garnet peridotite xenolith suite (Cox et al., 

1987).  Temperatures estimated for the recalculated pyroxene compositions reflect 

temperatures around (1050oC).  Whereas, those temperatures estimated for rims of the 

porphyroclasts, believed to represent equilibrium thermal state after deformation and 

recrystallization are around 830oC.  Pressure estimates, using the barometer of Nickel 

and Green (1985).  The barometer provides pressure values between 28-31 kbar 

(corresponding to ~90 km depth) for garnet and recalculated orthopyroxene pairs. 

 Geophysical soundings (seismic and magnetotelluric), analyzing the 

lithospheric thickness of the Intra-Carpathian Basin System indicate ~80 km thick 

lithosphere beneath the LHPVF (e.g., Horváth et al., 1993; Ádám, 1996 and 

references therein; Figure II.3).  Temperatures at the base of the lithosphere at this 

depth, corresponding to heat flow (~80mW/m2) values measured for the LHPVF 

(Dövényi, 1988) are around 1100-1150 oC.  Temperature values of 830oC from the 

same area and identical geothermal gradient reflect mantle depth around 50 km (15-17 

kbar).  This implies that the mantle material, now containing pyroxene spinel 

symplectites, suffered decompression in the scale of 10-15 kbar (30-45 km).  

Somewhat higher values were established for pyroxene spinel clusters from the 

marginal portion of the basin (Falus et al., 2000), most probably due to diffusion and 

reequilibration of cluster minerals with their host.  Nevertheless, decrease in pressure, 

i.e. thinning is considerable and is within the same scale in both central regions and 

edges.  This indicates that considerable mantle thinning (30-50 km) is a general, 

overall feature characteristic for the whole of the lithospheric mantle of the Intra-

Carpathian Basin System, which are proved by petrographic tools. 
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        constituent phases of the symplectite     calculated gt. composition   
  Mineral opx cpx sp      
  Element      wt%   

  SiO2 55.8 52.8 0.17   42.0   

  TiO2 0.04 0.19 0.04   0.07   

  Al2O3 3.68 4.46 60.2   16.7   

  Cr2O3 0.23 0.39 8.11   2.06   
  FeO 6.66 2.83 10.7   6.74   
  MnO 0.15 0.07 0.11   0.12   
  NiO 0.05 0.04 3.77   0.90   
  MgO 33.8 16.4 18.1   26.3   
  CaO 0.48 22.2 0.04   4.83   

  Na2O 0.05 0.87 0.00   0.21   
  ZnO na. na. 0.15   0.03   
  Total 100.9 100.3 101.4      
           
  vol%* 56.66 21.61 21.29  Pyr% 72.00   
  density 3.3 3.18 3.6  And% 12.66   
           
  host-opx host-cpx host-sp sp-in-cpx   recalc. opx recalc. cpx 

SiO2 54.6 50.7 0.01 bd.  SiO2 54.3 49.4 

TiO2 0.13 0.59 0.04 0.06  TiO2 0.15 0.57 

Al2O3 4.58 6.54 57.7 58.6  Al2O3 4.64 8.36 

Cr2O3 0.43 0.84 10.7 9.25  Cr2O3 0.45 1.19 
FeO 6.48 2.68 11.7 10.7  FeO 6.21 3.01 
MnO 0.15 0.09 0.12 0.14  MnO 0.14 0.09 
NiO 0.06 0.04 0.40 na.  NiO 0.06 0.05 
MgO 33.3 14.99 20.2 20.5  MgO 32.1 15.3 
CaO 0.46 21.7 0.00 0.07  CaO 1.88 21.1 

Na2O 0.06 0.95 na. na.  Na2O 0.12 0.93 
Total 100.25 99.09 100.83 99.42      

           
cpx-in-opx vol%  6.64        
sp-in-cpx vol%    3.13      

           

   recent TBK= ~900 oC       

   original TBK= 1050 oC       

   original PNG= 28-31 Kbar       
Table VIII.1 Composition of mineral phases in the symplectite of sample GC03-06 from the LHPVF. 
Bulk composition of symplectite is also shown. vol%* - volumetric percentage of minerals. Pyr – 
pyrope content; And – andradite content (mol%). host-opx – host orthopyroxene next to the 
symplectite; host-cpx – host clinopyroxene next to the symplectite; host-sp – host spinel next to the 
symplectite; sp-in-cpx – spinel inclusions in clinopyroxene. recalc. opx – recalculated orthopyroxene 
compositions together with clinopyroxene lamellae; recalc cpx – recalculated clinopyroxene 
compositions together with spinel inclusions. TBK – equilibrium temperature applying the method of 
Brey and Köhler (1990); PNG – calculated pressure for garnet-recalculated orthopyroxene pairs using 
the method of Nickel and Green (1985); recent – values calculated using equilibrium mineral 
assemblage, original - values calculated using recalculated mineral assemblage. 
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VIII.4 An attempt to understand relation between deformation 
state and geochemical nature of the lithospheric mantle 
 Major element compositions, a well studied character of upper mantle 

peridotite xenoliths within the Intra-Carpathian Basin System (e.g., Kurat et al., 1991; 

Downes et al., 1992; Szabó and Taylor, 1994; Szabó et al., 1995a; Vaselli et al., 

1995,1996; Dobosi et al., 1999; Embey-Isztin et al., 2001; Dobosi, 2003).  It is clear 

that significant relation between major element composition and xenolith textures is 

observed.  It is suggested that depletion of mantle rocks in basaltic major elements, a 

first order geochemical process in the mantle, is dominantly related to partial melting.  

Basaltic melts produced are extracted and a residuum depleted in basaltic elements is 

left (Frey and Green, 1974).   

In the LHPVF, BBHVF, NGVF and ETBVF locations the most intensively 

recrystallized xenoliths, displaying porphyroclastic, equigranular and secondary 

recrystallized textures, reflect a depleted character in basaltic major elements (Figure 

VI.1-15).  Whereas, protogranular and protogranular/porphyroclastic xenoliths exhibit 

fertile compositions and they are relatively rich in basaltic major elements (e.g., Kurat 

et al., 1991; Vaselli et al., 1995, 1996).  However, xenoliths from the SBVF, probably 

because of their minor textural variability, do not follow this trend.  Harzburgites, for 

example, reflecting the most depleted major element characteristics display 

protogranular/porphyroclastic texture.  This suggests that these textures are either of 

secondary origin or partial melting and deformation are not necessarily associated 

processes.  Another possible explanation for such discrepancy is the reaction of 

peridotite wall rock with percolating melts/fluids.  Clear evidence for such processes 

are represented in ophiolites (e.g., Kelemen et al., 1992; Dijkstra et al., 2002), as well 

as mantle xenoliths (Xu et al., 2003).  In all cases asthenosphere derived melts reacted 

with peridotitic clinopyroxene and/or orthopyroxene and precipitated olivines  

pyroxene + low-Si melt à olivine + high-Si melt 

resulting in an overall depletion of basaltic major elements.  The occurrence of similar 

textural features in the xenoliths from the LHPVF, BBHVF and NGVF (Figure V.9) 

implies that depletion related to solid-liquid reaction was an operating, but probably 

not a dominant process in the subcontinental lithospheric mantle beneath the studied 

region.  
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Similar results are obtained from the trace element (focusing mostly on the 

REE in clinopyroxene) composition of the mantle peridotites.  The ratio between 

chondrite-normalized Ce and Yb, indicative (to first approximation) of 

depletion/enrichment of light REE with respect to heavy REE was plotted against cr-

number of spinels (Figure VIII.4).  It should be noted that enrichment of LREE with 

respect to HREE does not necessarily mean absolute REE enrichment.  Chen et al. 

(2001) demonstrated that cr-numbers in clinopyroxenes from mantle xenoliths of 

Hannuoba (China) show negative correlation with bulk REE content of the 

clinopyroxene.  Simultaneously normalized Ce/Yb ratios display positive correlation 

with increasing cr-numbers.  Nevertheless, data for xenoliths from the five xenolith 

locations of the Intra-Carpathian Basin System were plotted, mostly using data from 

the literature (e.g., Downes et al., 1992; Szabó et al., 1995b; Vaselli et al., 1995, 

1996).  Xenoliths from the LHPVF, BBHVF and ETBVF two clear trends could be 

distinguished (Figure VIII.4).  The first trend shows a clear positive correlation 

between the chondrite normalized Ce/Yb ratios (also observed for xenoliths from the 

SBVF) and cr-number in spinel.  Textures of the xenoliths following this trend are 

mainly the more deformed ones within the locations.  These samples are believed to 

represent mantle domains that went through partial melting and then subsequent 

metasomatism.  The metasomatizing melts reacted with the peridotite rock resulting in 

continuous depletion in basaltic major elements and simultaneous enrichment in 

incompatible trace elements.  Xenoliths of the other trend reflect large variance in cr-

numbers with normalized Ce/Yb values close to 1.  It is believed that this trend may 

reflect the partial melting without subsequent metasomatism.  Xenoliths with the least 

deformed textures within the locations fall in this group. 

The existing relation between xenolith texture, major and trace element 

composition is clear.  Probably the most remarkable feature among those observed is 

that secondary recrystallized xenoliths from the LHPVF and poikilitic xenoliths from 

the BBHVF reflect similarly high normalized Ce/Yb in clinopyroxene ratios and high 

cr-number in spinel (Figure VIII.4).  However, what are those factors that assure 

relation between these various physico-chemical processes?  It seems very likely, that 

elastic strain energy stored in the deformed minerals may be one of the parameters, 

which has the capability of linking physical and chemical processes in the mantle.   
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Figure VIII.4 CeN/YbN vs. cr-number of spinel diagram for separated clinopyroxenes from xenoliths 

of the Intra-Carpathian Basin System with respect to texture.  Xenoliths selected for detailed 

microstructural study are highlighted.  Note two trends indicated by the gray arrows.  Vertical arrow 

denotes depletion, whereas subhorizontal one indicates enrichment with synchronous reaction with host 

basaltic magma.  Data from Vaselli et al. (1996), Dobosi et al. (1999) – SBVF; Szabó et al. (1995b) – 

LHPVF; Downes et al. (1992), Bali et al. (submitted), own measurements BBHVF; Vaselli et al. (1995) 

– ETBVF. 

 

Recrystallization, earlier believed to be an isochemical process (e.g., Mercier and 

Nicolas, 1975), is controlled by temperature (e.g., Lloyd et al., 1997) and the attempt 

of the crystals to minimize their elastic strain energy (~dislocation density) of the 

crystals (Passchier and Trouw, 1995).  If these two parameters are the only factors to 
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control recrystallization the mantle with higher temperatures would display more 

intensive recrystallization than that in lower temperature.  This, however, is not the 

full case.  It seems likely that the intensity of recrystallization (both dynamic and 

static) is also influenced by the presence of interstitial fluids/melts (e.g., Bussod and 

Christie, 1991; Passchier and Trouw, 1995; Xu et al., 2003).  In the relation of the 

Intra-Carpathian Basin System this means that in the “shallower” mantle portions an 

infiltrating melt could trigger recrystallization.  This is because minerals in the mantle 

portion probably have higher dislocation density (elastic strain energy) due to 

deformation in variable stress fields and lower temperatures, where recovery 

processes are operating much slower.  In addition, the infiltrating melt/fluid may react 

(and generally does) with the peridotite resulting in a continued depletion of the 

mantle in basaltic major elements.  However, synchronously recrystallizing 

clinopyroxene grains could easily incorporate some of the trace elements from the 

infiltrating melt/fluid and thus could reflect a strongly metasomatized (generally 

LREE-enriched) character.  The relation of geochemical characteristics and xenolith 

texture is thus not the consequence of a single process but is the result of 

superimposed physico-chemical processes in the mantle. 

Several models deal with the migration of fluids/melts in the mantle.  One 

end-member of the studies suggests that melt migration in the mantle is solely 

connected to migration in veins (Bodinier et al., 1990), similarly to that observed in 

peridotite massifs.  Melt migration related to veins is undoubtedly a process that 

occurs in the mantle beneath the Intra-Carpathian Basin System evidenced among 

others by amphibole, clinopyroxenite veins (e.g., Embey-Isztin 1976,1986; Szabó and 

Taylor, 1994; Vaselli et al., 1995; Dobosi, 2003; Bali et al., submitted.).  However, 

the capacity of such vein to produce overall metasomatism in the upper mantle is 

limited.  Studies in peridotite massifs (Bodinier et al., 1990) and mantle xenoliths 

(e.g., Vaselli et al., 1995) demonstrate, that traceable geochemical effects are only 

observed in the very close vicinity of the melt veins (few cm or maximum meters).  It 

is unlikely that metasomatism would only be related to such veins.  This would either 

mean a shallow upper mantle penetrated by infinite melt veins, which is not supported 

by the xenolith record of the Intra-Carpathian Basin System and is also not realistic 

rheologically or the metasomatized xenoliths studied derive from the vicinity of the 

melt veins.  The strong relation between texture (deformation and recrystallization 

state), equilibrium temperature and geochemical character of the studied xenoliths 
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contradicts with metasomatism being only a 2-D process.  Downes (1990) suggested 

that melt migration and metasomatism are strongly related to shear zones.  Although 

this approach enables migrating melts/fluids to metasomatize a large volume of 

deformed rocks, still it does not give proper explanation for the strong relation of 

equilibrium temperatures with chemistry and recrystallization state.  The other end-

member of the fluid migration models is the reactive porous melt flow (e.g., Ionov et 

al., 2002).  In this case no melt vein or crack is required as a source and melts can 

migrate along grain boundaries continuously equilibrating with the peridotite.  As a 

result chromatographic fractionation occurs during reactive porous melt flow, which 

produces a variety of enrichment patterns in a single event.  Moreover, a full 3-D 

metasomatism is achieved.  The source of melt/fluid should be mostly the 

asthenosphere.  In this case, however xenoliths with higher equilibrium temperatures 

(representing deeper mantle portions) should reflect a stronger metasomatic effect. 

The realistic picture that relates geochemical characteristics with xenolith 

texture and equilibrium temperatures should incorporate metasomatism related to both 

end-member migration processes.  Furthermore, internal recrystallization habitude, 

related to elastic strain energy should also be accounted for. 

 

VIII.5 Mantle deformation: its role and correspondence to the 
formation of the Intra-Carpathian Basin System 

Large-scale tectonic processes are controlled or at least strongly influenced by 

the nature of the asthenosphere and lithospheric mantle.  The physico-chemical state 

of these geospheres has remarkable effect on i.e., plate motion, their tectonic 

interaction, partial melting, melt migration and volcanism, etc. 

Formation of the Intra-Carpathian Basin System, occurring in early-middle 

Miocene times (e.g., Kázmér and Kovács, 1985; Csontos et al., 1992; Fodor et al., 

1999), is related to the subduction of European oceanic lithosphere beneath the 

African Plate resulting in the collision of the European continent and the Apulian 

microplate (Figure I.1).  The collision was followed by extrusion, subduction rollback, 

extension and probably even active upwelling of the asthenosphere (e.g., Horváth et 

al., 1993; Huismans et al., 2001, and references therein).  These young processes, 

however, were not dramatic to be alone responsible for the formation of the 

subcontinental lithosphere beneath the Intra-Carpathian Basin System.  The formation 
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of the lithospheric root is more likely related to early partial melting and continental 

crust formation events, indicated also by Nd-model ages (~ 1Ga; Vaselli et al., 1995).  

All other processes up to the time of sampling by their host alkali basalts including the 

major tectonic event of the Intra-Carpathian Basin System formation superimposed on 

the early lithospheric structures and influenced the physical and chemical state of the 

mantle.   

It is evident to start the description of the evolution of the lithospheric mantle 

beneath the region with a magmatectonic process producing the mass of the now 

observed subcontinental lithospheric mantle.  Although the Intra-Carpathian Basin 

System is composed of two main lithospheric units (e.g., Csontos, 1995), there is no 

indication to suggest remarkably different genesis for the lithospheric root of the two 

units (e.g., similar Nd-model ages; Downes et al., 1992; Vaselli et al. 1995).  This 

major lithosphere forming process, although temporally weakly constrained, is 

suggested to be a single scale process as was shown for cratons (Gaul et al., 2000, and 

references therein) and is believed to be responsible for high (~1 Ga) model ages 

observed for mantle xenoliths from the studied basin.  Moreover, the large-scale trend 

of basaltic major element compositions, showing systematic depletion towards 

shallower levels of the mantle and modal variance from clinopyroxene-rich 

compositions to clinopyroxene poor occurrences, are also the consequence of this old 

episode of lithospheric root formation. 

Such features are observed world wide in the subcontinental lithosphere (e.g., 

Gaul et al., 2000) and similar phenomenon are described from suboceanic mantle 

diapirs (Godard et al., 2000).  This geodynamic process was described and modeled 

by McKenzie (1984).  In the model the mechanism is described as the effect of 

progressively greater degree of partial melting and melt extraction from fertile upper 

mantle at shallower depth due to adiabatic decompression followed by the compaction 

of the melting column. 

The resulting lithospheric “root” (for both mega blocks, being separated at this 

time of the evolution) of the "proto" lithosphere beneath the Intra-Carpathian Basin 

System reflects systematic depletion in basaltic major elements towards the shallower 

mantle levels.  The microstructure of the lithosphere at this stage is uncertain.  

Whether this structure was preserved during further evolution of the lithospheric 

mantle is unclear.  It is, however, clear that fluids and melts mostly derived from the 

asthenosphere and tectonic events continuously evolved the composition of the 
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lithospheric mantle similarly to the process described by Gaul et al. (2000) who 

studied xenolith occurrences worldwide.  Besides geochemical changes, the structure 

of both lithospheric units is suggested to have occurred.  The effect of migrating fluids 

and melts in the lithosphere was clearly demonstrated by Vauchez and Tommasi 

(2003) on Tanzanian xenoliths.   

The next episode in the evolution of the subcontinental lithosphere beneath the 

region, which definitely had a marked and temporally well-constrained effect on 

lithospheric mantle, is the formation of the Intra-Carpathian Basin System (Figure 

VIII.5a).  The tectonic episode resulted in thinning of the lithospheric mantle with a 

factor of 1.5-2 (e.g., Royden et al., 1983; Huismans, 2001) in NE-SW and later E-W 

directions (e.g., Fodor et al., 1999; Figure VIII.5a).  In the Miocene, at the time of 

basin formation, the two lithospheric units were already physically interlocked 

resulting in similar physico-chemical effects within the two units.  Garnet 

symplectites, and pyroxene-spinel clusters found in lower crust (e.g., Török, 1995; 

Dégi and Török, 2004) and mantle derived material (Figure IV.5), Falus et al., 2000; 

Falus et al., in prep) are solid petrographic evidence for the thinning.  Moreover, their 

high instability suggests that the formation of these symplectites/clusters is a young 

process related to basin formation.   

The basin formation affected the geochemical characteristics of the 

lithospheric mantle.  Thinning and the proposed active mantle upwelling could have 

caused partial melting in the lithospheric mantle, resulting in further depletion of 

basaltic major and incompatible trace elements.  An extremely strong petrographic 

evidence for this process could be the occurrence of melt pockets in the xenoliths of 

the LHPVF, BBHVF and NGVF (e.g., Szabó et al., 1996; Bali et al., 2002; Bali et al., 

submitted).  The vitalization of metasomatic melt/fluid migration related to mantle 

upwelling and subduction is clear (e.g., Downes et al., 1992; Wilson et al., 1997).  

Migrating of these melts/fluids is documented by trace element and radiogenic 

isotopic composition of clinopyroxenes (e.g., Downes et al., 1992; Wilson et al., 

1997) and the presence of metasomatic amphiboles (Szabó et al., 1995a; Vaselli et al., 

1995, 1996), as well as of interstitial glass (Bali et al., submitted).  Moreover, lobated 

pyroxene porphyroclasts (Figure IV.9) from the Bakony—Balaton Highland Volcanic 

Field in strongly annealed equigranular mantle xenoliths can be taken as a clear 

textural evidence for the migration of reactive melts similar to those described by 

Kelemen et al. (1992) and Dijkstra et al. (2002) from ophiolitic mantle rocks.  These 
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melts through their pyroxene-consuming reactions may have also contributed to the 

depletion of the upper mantle in basaltic major elements.   

Changes in texture and microstructure of the upper mantle in relation to the 

formation of the Intra-Carpathian Basin System were significant.  Fabrics observed in 

the mantle xenoliths are presumably dominantly the consequence of this tectonic 

episode, although the preservation of earlier deformation signatures especially in the 

shallower mantle portion cannot be excluded.   

The major rift phase was followed by a thermal cooling phase (Figure VIII.5b) 

during the Late Miocene (e.g., Royden and Horváth, 1988).  During the thermal 

cooling phase addition of asthenosphere to the bottom of the lithosphere is suggested 

(Horváth et al., 1988).  Sampling of the upper mantle by ascending basaltic magmas 

occurred during this phase. 

Olivine orientation patterns in deformed xenoliths derived from the marginal 

portions of the basin system (NGVF and ETBVF), irrespective of their depth of 

origin, texture and geochemical characteristics suggest that deformation was 

accommodated by intracrystalline slip dominantly on a single slip system (010)[100] 

(see Chapter V.; Figure V.11-14).  It is widely accepted that olivine [100] and 

subordinately [001] align subparallel to maximum strain axes (e.g., Carter and Avé 

Lallemant, 1970).  Experimental results of co-axial deformation and uniaxial 

compression have come up with similar results (e.g., Carter and Avé Lallemant, 

1970).  In the Intra-Carpathian Basin System it is thus evident to assume that 

maximum strain orientations are subhorizontal coinciding with maximum elongation 

observed in the crust, conveniently σ1 (the maximum stress) is dominantly vertical.  

Moreover, the deformation is suggested to have affected the whole lithospheric 

section.  The symmetry of the olivine orientation patterns indicates that the 

deformation was either coaxial or large enough to extinguish fabric asymmetry as a 

result of simple shear (e.g, Tommasi et al., 2000).  The systematic variance in olivine 

orientation patterns in deformed xenoliths from the LHPVF and BBHVF with respect 

to depth of origin is an unambiguous feature (Figure VIII.5b).  Olivines in xenoliths 

derived from the deep lithospheric mantle, displaying the most primitive compositions 

and texture, always display decisive symmetric fabrics indicating that deformation 

was coaxial in a constant stress field and was accommodated by intracrystalline slip  
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Figure VIII.5 Simplified evolution of the lithospheric mantle beneath the Intra-Carpathian Basin 

System.  a) Thinning of the lithosphere during extension and the formation of the Intra-Carpathian 

Basin System ~17-14 Ma.  Yellow arrows denote major extension directions (NE-SW), whereas orange 

arrow at large angles to the yellow indicates a switch in extension directions from NE-SW to E-W (e.g., 

Fodor et al., 1999), which affected only the lithosphere but not the asthenosphere.  Note reheating of 

the lithosphere.  Shear zones (D), cracks (solid lines) and magmatic conduits (vertical sinuous lines) 

are indicated as possible source for metasomatism (sinuous arrows).  L2/A2 denotes 

lithosphere/asthenosphere boundary after thinning and mantle upwelling. b) state of the lithosphere 

beneath the region during sampling by basalts.  L3/A3 denotes recent lithosphere/asthenosphere 

boundary (60-80 km; e.g., Horváth, 1993; Lenkey, 1999) beneath the region.  Characteristic textural 

type “end members” with lattice preferred orientation and predicted VP speed distribution (Vp 

distribution from Ben Ismail and Mainprice, 1998).   
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on a single slip system (010)[100] (e.g., Figure V.3,6) as Carter and Avé Lallemant 

(1970) stated.  Those samples derived from shallower depths (Figure VII.5b) always 

reflect the activation of multiple slip systems (e.g., (010)[100]; (010)[001] and (010) 

twist walls [100]&[001]) (Figure V.8) also described by Zhang et al. (2000) in 

experimentally deformed olivines.  Xenoliths displaying such olivine fabrics show 

contrasting textural and compositional features in the LHPVF and BBHVF (Figure 

II.2,4, respectively), which indicate that static recrystallization and possibly related 

geochemical modification is a process subsequent to the deformation.  These 

orientation patterns are indicative of flattening as Dijkstra, 2001 pointed out for 

ophiolitic mantle material or could be related to multiple extension directions. 

Rotation of stress fields is a recognized phenomenon during the formation of 

the Intra-Carpathian Basin System (e.g., Csontos, 1995; Fodor et al., 1999; Huismans 

et al., 2002).  Fabric analysis of upper mantle xenoliths suggests that rotation of the 

stress fields may have affected deformation of the shallow upper mantle.  The 

presence of mantle portions with different orientation patterns (Figure VIII.5b), where 

the shallower mantle portion evidence flattening and the deeper reflect a constant 

stress field imply two possibilities of the formation of these mantle portions.  They 

may indicate 1) the stress field responsible for flattening decays with depth; or 2) that 

the stratigraphically higher portion of the upper mantle suffered a deformation in a 

stress field characterizing the lithosphere, assuming that it was originally part of the 

lithosphere before and during the basin formation, whereas the deeper mantle section 

was deformed by asthenospheric flow and was attached to the lithosphere during 

cooling after the cessation of deformation in the Late Miocene.  This latter 

explanation is supported by several thermal and subsidence models (Horváth et al., 

1988; Huismans et al., 2001), however gradual increase in the manifestation of 

undulating stress regime with decreasing depth cannot be excluded.  Moreover, at 

higher temperatures subgrain rotation recrystallization, resulting in strong olivine 

fabrics displaying activation of the (010)[100] slip system, is more active (e.g., Zhang 

et al. 2000).  This feature could have played role in the observed fabric distribution 

(Figure VIII.5b), however significant recrystallization is not supported by 

petrographic and geochemical observations.  

Irrespective of the origin of mantle sections with olivines, being the largest 

volume of mineral constituent in the lithospheric mantle and displaying distinct lattice 

preferred orientations, it is beyond question that the lithospheric mantle beneath the 
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Intra-Carpathian Basin System is structurally anisotropic.  This anisotropy is the 

consequence of the development strong fabric and is almost certainly associated with 

the basin forming tectonic processes.  It is a reasonable assumption to suggest that the 

anisotropy is subhorizontal coinciding with maximum strain axis (roughly NE-SW) 

observed in the Intra-Carpathian Basin System.  An extreme mantle domain showing 

this anisotropy could be the occurrence of tabular equigranular xenoliths (Szba1, 

Szbd-15 and Sgk03-01; Figure III.5; V.8) from two xenolith locations (20 km apart) 

of the BBHVF.  These mantle fragments display similar lattice preferred orientation, 

misorientation pattern and exhibit the same equilibrium temperature (Figure VII.5).  

Their occurrence implies that structural domains (~20-30 km horizontal dimension) 

with similar anisotropy might be present in the subcontinental lithosphere, at least in 

the central portion of the Intra-Carpathian Basin System (Hidas et al., submitted).   

Structural anisotropy, besides producing detectable modification in the 

propagation of seismic waves (e.g., Ribe, 1992), but also influences the migration of 

percolating fluids and melts (e.g., Waff and Faul, 1992).  Basaltic melts, preferably 

wet (010) crystal faces of olivine due to achieved minimal interfacial energies (e.g., 

Waff and Faul, 1992).  In mantle segments that exhibit strong lattice preferred 

orientation this results in favorable percolation directions of the infiltrating melt, 

parallel to olivine (010).  Regarding the anisotropy of the mantle beneath the Intra-

Carpathian Basin System, (010) faces being subhorizontal (Figure VIII.6a) this 

suggests that the migration of melts/fluids is dominantly subhorizontal.  Moreover, in 

the shallower parts of the lithospheric mantle beneath the region, where flattening 

dominated, the anisotropic effect is even more pronounced.  Note that (010) faces in 

this portion of the mantle remain subhorizontal (Figure VIII.6b).  Vertical motion is 

only achieved where (010) faces are subvertical or the migrating fluids can segregate 

from the peridotitic matrix (e.g., cracks, veins; Figure VIII.6b).  Where the 

segregation cannot take place, melts/fluids are retained in the mantle exerting 

intensive geochemical modification/reaction and static recrystallizing effects on the 

deformed peridotite producing equigranular, secondary recrystallized and, probably at 

very intensive melt/solid interaction, poikilitic xenoliths.  This feature provides clear 

connection of textural and trace element geochemical features observed for the 

xenoliths.  The melts finally crystallize as subhorizontal magmatic bodies.  This effect 

might be one of the factors, which causes the abundant occurrence of cumulate bodies 

at the vicinity of the MOHO (Embey-Isztin et al., 1993; Kovács et al., 2004).  
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Figure VIII.6 Differences in vertical and horizontal permeability due to changes in lattice preferred 

orientation of olivine; a) point maximum distribution of olivine axes, slip system (010)[100]; b) girdle 

of [100] and [001] in the foliation plane.  Note very weak vertical connectivity in case of b. 

 

VIII.6 Perspectives - seismic anisotropy: a method for 
studying deformation fabrics in the mantle 
 The existence of seismic anisotropy in the upper mantle is a well known and 

recently well studied phenomenon world wide (e.g., Anderson, 1961; Artemieva et al., 

2002, and references therein).  Seismic anisotropy observed in the mantle is 

commonly attributed to the elastic anisotropy of volumetrically dominant phases 

olivine and orthopyroxene and the strong statistical alignment of their crystal axes or 

lattice-preferred orientation (e.g., Nicolas and Christensen, 1987; Karato, 1992).  The 
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crystallographic basis for this phenomenon resides from the anisotropic nature of 

olivine and orthopyroxene crystals.  Where seismic waves (P- and S-waves) travel 

through an elastically anisotropic medium they are split into two orthogonally 

polarized waves traveling at different velocities.  Measurements of the splitting of the 

seismic waves provide information on the anisotropy of the mantle that can be used to 

unravel the structure and flow pattern of the upper mantle (e.g. Silver, 1996).  

However, some studies demonstrated that the preferred orientation of melt pockets 

also contributes to (e.g., Jousselin and Mainprice, 1997) or diminishes (e.g., 

Holtzmann et al., 2003) seismic anisotropy.   

Seismic studies have been carried out in several geodynamic settings, from 

Archean-Precambrian cratons (e.g., Artemieva and Mooney, 2001), Phanerozoic 

orogens (e.g., Montagner, 1994), rift basins (e.g., Soedjatmiko and Christensen, 2000) 

and recent plate tectonics (e.g., Chen et al., 2001).  There are also some scarce studies 

from the surroundings of the Intra-Carpathian Basin System (e.g., Dricker et al., 1999, 

and references therein).  These soundings studied the anisotropy pattern beneath the 

mountain belts surrounding the region.  The observations as expected (e.g., Vauchez 

et al., 1997) displayed orogen-parallel seismic anisotropy.  Seismic anisotropy 

measurements within the Pannonian Basin are fully absent from the scientific 

literature.  Nevertheless, an attempt to predict character of detectable seismic 

anisotropy, using orientation distribution patterns experienced in mantle xenoliths, is 

made in the following section.  Note an assumption that anisotropy features in mantle 

xenolith fabrics coincide with macroscopic deformation observed in the Intra-

Carpathian Basin System is made. 

The upper mantle beneath the marginal portions of the Intra-Carpathian Basin 

System should reflect marked anisotropy (Figure VIII.7a), mainly in the eastern and 

northern region, suggested by strong olivine fabrics with point maximum distributions 

(Figure V.3, 6, 11).  A further study in the NGVF is needed to assure the presence or 

the absence of xenoliths representing the flattening component in the shallow upper 

mantle (Figure V.11).  Moreover, shear zones observed in the xenoliths from the 

ETBVF are suggested to appear even on seismic reflection profiles.  In fact, reflective 

horizons in the Békés Basin (Posgay et al., 1995) may also evidence similar features.  

Seismic anisotropy in the central portion of the Intra-Carpathian Basin System is 

believed to depend on the mantle depth sounded by the analysis.  Shallower mantle 

portions, suggested to be the part of the lithosphere during basin formation, should 
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reflect weak horizontal anisotropy (Figure VIII.7b) due to the scattered subhorizontal 

distribution of olivine [100]-axes (fast wave propagation direction).  However deeper 

horizons of the mantle, which were originally part of the asthenosphere and were only 

attached to the lithosphere during cooling after the formation of the Intra-Carpathian 

Basin System, should reflect marked horizontal anisotropy (Figure VIII. 7a). 

 

 
 

Figure VIII.7 Seismic properties of the characteristic LPO patterns (a), (010)[100] slip system (b), 

(010)[100] + slip systems (001)[100], (100)[001] slip and twist walls in (010) (Zhang et al., 2000; De 

Kloe, 2001).  The dispersion of the [100] axes reduces the P-waves seismic anisotropy and the [001] 

axes orientation has an important effect on the shear wave splitting patterns.  Figure after Ben Ismail 

and Mainprice (1998). 

 

Detailed petrographic and fabric analysis of upper mantle peridotite xenoliths 

provides valuable information on the evolution of the Intra-Carpathian Basin System.  

Results obtained from this study synthesized with high-quality geochemical data 

elucidate interrelations of mantle processes and offer answers to some of the so far 

unanswerable questions. 
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Conclusions 
 

1) Formation of the Intra-Carpathian Basin System was the consequence of Alpine collision, 

subsequent extrusion, subduction and rollback of the European oceanic lithosphere 

beneath the African plate. 

2) The Intra-Carpathian Basin System is constituted of two main lithospheric units 

(ALCAPA and TISZA) with different pre-Miocene history, but with similar 

tectonic/structural/geodynamic and geochemical evolution after their docking in early 

Miocene times. 

3) Basin formation was associated with deformation and geochemical modification of the 

lithospheric mantle. 

4) Equilibrium temperatures of mantle xenoliths are suggested to represent their relative 

stratigraphic position within the lithospheric mantle, i.e., higher equilibrium temperatures 

represent deeper portion of the lithospheric mantle. 

5) Systematic variance in the depletion of basaltic major elements with decreasing depth 

(decreasing equilibrium temperatures) is believed to be the consequence of more 

superimposed mantle processes: 

- ancient depletion related to increasing partial melting during adiabatic 

decompression and mantle upwelling associated with continental crust 

formation, 

- reaction of the peridotite with migrating melts/fluids, resulting in pyroxene 

breakdown and olivine precipitation. 

6) Enrichment, mostly observed in the composition of incompatible trace elements was 

subsequent to the ancient depletion.  Migration of metasomatic fluids occurred along 

veins, shear zones, but melt percolation along grain boundaries could have also been an 

important feature in the overall metasomatism of the shallower part of the upper mantle. 

7) Deformation features observed in the lithospheric mantle beneath the region are mostly 

attributed to the formation of the Intra-Carpathian Basin System., although the 

preservation of older deformation features cannot be excluded.   

8) The formation of the Intra-Carpathian Basin System was associated with considerable 

lithosphere thinning evidenced by garnet symplectites from the SBVF, ETBVF and 

LHPVF and granulitic xenoliths from the BBHVF.  According to geobarometric 

estimations the lithosphere before basin formation was at least 40-50 km thicker, than at 

recent times.    

9) Olivine orientation distribution in the mantle xenoliths, despite relatively low number 

studied, imply that deformation in the mantle beneath the northern and eastern marginal  
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portions of the basin system was dominantly accommodated by intracrystalline slip on 

the (010)[100] slip system regardless of equilibrium temperatures.   

10) Conversely deformation in the xenoliths from the central portion of the Intra-Carpathian 

Basin System displays clear relation to equilibrium temperatures (~ depth of origin).  

Xenoliths from the deep lithospheric mantle display evidence for intracrystalline slip on 

the (010)[100] slip system, whereas those from the shallow mantle display clear evidence 

for the activation of multiple slip systems beside the (010)[100], most likely the 

(100)[001] slip system and the occurrence of twist walls on the (010).  It is strongly 

suggested that this remarkable feature is a consequence of deformation in different stress 

regimes with respect to mantle depth.  In the shallow mantle deformation was 

characterized by considerable flattening, also recognized in surface processes.  Whereas, 

the deep lithosphere deformed by asthenospheric flow and was only attached to the 

bottom of the lithosphere after cooling and the cessation of deformation. 

11) Mylonites among the xenoliths of the ETBVF are unique features.  Localization of 

deformation is attributed to melt infiltration.  The driving force for deformation is 

suggested to be related to the proximity of the subducting slab.    

12) The development of annealed and statically recrystallized textures is the consequence of 

young processes associated with the heating of the asthenospheric upwelling and 

melt/fluid percolation, triggering subgrain rotation, static recrystallization and grain 

growth.  However, the effect of static recrystallization on developed mantle fabric is 

suggested to be subordinate. 

13) The remarkable anisotropy observed in the fabric of mantle xenoliths should have 

considerable effect on the migration of fluids and melts.  In fact, it could be an important 

factor in controlling the spatial distribution of the surface manifestation of magmatic 

activity. 

14) Anisotropy features and the evidence for the occurrence of structural domains within the 

subcontinental lithospheric mantle beneath the Intra-Carpathian Basin System by the 

fabric analysis of deformed mantle xenoliths implies that these features should be 

detectable, as they are world wide, by seismic sounding methods.  The mutual application 

microstructural and geochemical analysis together with geophysical methods could reveal 

the nature of the upper mantle in regions where the volcanic activity did not sample these 

portions of the lithosphere.  Moreover, this way of the research would significantly 

contribute to the understanding of basin formation, associated deformation and melt/fluid 

migration processes.  
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