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Abstract

Two spinel lherzolite xenoliths from Hungary that contain pyroxene–spinel symplectites have been studied using EPMA, Laser
ablation ICP-MS and universal stage. Based on their geochemical and structural characteristics, the xenoliths represent two
different domains of the shallow subcontinental lithospheric mantle beneath the Pannonian Basin. The occurrence of symplectites
is attributed to the former presence and subsequent breakdown of garnets due to significant pressure decrease related to lithospheric
thinning. This implies that both mantle domains were once part of the garnet lherzolitic upper mantle and had a similar history
during the major extension that formed the Pannonian Basin.

Garnet breakdown resulted in distinct geochemical characteristics in the adjacent clinopyroxene crystals in both xenoliths. This
is manifested by enrichment in HREE, Y, Zr and Hf towards the clinopyroxene porphyroclast rims and also in the neoblasts with
respect to porphyroclast core compositions. This geochemical feature, together with the development and preservation of the
texturally very sensitive symplectites, enables us to determine the relative timing of mantle processes. Our results indicate that
garnets had been metastable in the spinel lherzolite environment and their breakdown to pyroxene and spinel is one of the latest
processes that took place within the upper mantle before the xenoliths were brought to the surface.
© 2006 Published by Elsevier B.V.
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1. Introduction

Upper mantle peridotite xenoliths in the Pannonian
Basin (PB) have been the focus of extensive petrologic
and geochemical research mainly on depletion and en-
richment processes (e.g., Szabó and Taylor, 1994;
Downes and Vaselli, 1995; Szabó et al., 1995a,b; Vaselli
et al., 1995, 1996; Dobosi et al., 1999; Embey-Isztin
et al., 2001; Bali et al., 2002; Szabó et al., 2004 and

mailto:cszabo@cerberus.elte.hu
http://dx.doi.org/10.1016/j.lithos.2006.06.017


231G. Falus et al. / Lithos 94 (2007) 230–247
references therein). Deformation and recrystallization of
lithospheric mantle xenoliths in response to basin
formation have also been investigated (e.g., Szabó et al.,
1995b; Falus et al., 2000, 2004; Falus, 2004). A strong
link between deformation/recrystallization state and
geochemical features of the mantle xenoliths has been
established (e.g., Downes et al., 1992; Szabó and Taylor,
1994; Szabó et al., 1995a; Falus, 2004).

The Little Hungarian Plain Volcanic Field (LHPVF)
is well-known for xenoliths in the PB (Embey-Isztin
et al., 1989; Szabó et al., 1995b). Mantle xenoliths
found here are generally porphyroclastic, equigranular
and rarely secondary recrystallized (called ‘poikilitic’ by
Embey-Isztin, 1984). The xenoliths are generally spinel
lherzolites, but some harzburgites were also found
(Embey-Isztin et al., 1989, Kurat et al., 1991; Downes
et al., 1992). Our recently collected mantle xenoliths
from the Gérce location in the LHPVF are porphyr-
oclastic spinel lherzolites. Some of them contain, how-
ever, relatively large (2–5 mm in diameter) symplectites,
consisting of pyroxene and spinel. Such symplectites
may have formed during garnet breakdown like other
Fig. 1. Geological sketch map of the Pannonian Basin with lithospheric th
locations are also indicated: SBVF— Styrian Basin Volcanic Field; LHPVF
Highland Volcanic Field; NGVF — Nógrád-Gömör Volcanic Field; ETBVF
symplectites in mantle rocks worldwide (e.g., Van Der
Wal and Vissers, 1996; Medaris et al., 1997; Morishita
and Arai, 2003). Symplectites in two geochemically
different LHPVF xenoliths are the subject of this study.
We propose that the peridotites were originally derived
from the garnet lherzolite stability field and carry val-
uable information on the deep lithosphere beneath the
central portion of the PB. Detailed microstructural fab-
ric and geochemical analysis of these mantle rocks
enable us to date deformation, metasomatism and par-
tial melting relative to garnet breakdown and symplec-
tite formation.

2. Geological background

The Pannonian Basin is a back-arc basin of the Carpa-
thian arc with anomalously thin lithosphere (40–60 km)
formed at a late stage in theAlpine orogeny (e.g., Tari et al.,
1993; Cavazza et al., 2004; Schmid et al., 2004). Themajor
driving forces for basin formation were continuous
subduction and roll back on its northern and eastern
boundaries and synchronous eastward extrusion of
ickness (Horváth, 1993) and its position in Europe. Mantle xenolith
— Little Hungarian Plain Volcanic Field; BBHVF— Bakony-Balaton
— Eastern Transylvanian Basin Volcanic Field.



Fig. 2. Photomicrographs of the studied xenoliths from the LHPVF. a) Orthopyroxene (opx) porphyroclast with clinopyroxene (cpx) lamellae
surrounded by finer grained matrix with olivine (ol). Note kinking in the orthopyroxene. Transmitted light image, cross-polarized light. b)
Clinopyroxene (cpx) porphyroclast core with oriented spinel (sp) and orthopyroxene (opx) exsolution lamellae. SEM backscattered image. c)
Clinopyroxene (cpx) porphyroclast with melt inclusion and exsolution lamellae-rich core (indicated with white curve) and -free rim surrounded by
olivine (ol) and orthopyroxene (opx). Transmitted light image, plane-polarized light. d) symplectite in sample GC03-06 with preserved symplectite
(sym) in the central part of the dark patch and destroyed symplectite (sym-d) at the margins surrounded by olivine (ol). The image also shows the
position of e and f images. Transmitted light image, plane-polarized light. e) Pyroxene–spinel symplectite. Clinopyroxenes (cpx) intimately
intergrown with vermicular spinels (sp) within the mass of orthopyroxene (opx). SEM backscattered image. Destruction of pyroxene–spinel
symplectites. Glass (gl) with carbonate bubbles (cb), euhedral olivine (ol). SEM backscattered image.
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lithospheric blocks (Kázmér and Kovács, 1985) from the
Alpine compressional belt (e.g., Horváth, 1993; Csontos,
1995; Fodor et al., 1999).

The LHPVF is situated in the western part of the PB
(Fig. 1). According to geophysical models, the degree of
lithospheric thinning in the basin, which occurred in the
Middle Miocene, could be characterized by a factor of
22 (Royden et al., 1983; Lenkey, 1999). Late Miocene–
Quaternary alkali volcanism (Fig. 1) brought upper
mantle xenoliths to the surface (e.g., Embey-Isztin and
Dobosi, 1995, Seghedi et al., 2004). This volcanism
occurred long after cessation of major tectonic move-
ments within the basin (e.g., Balogh et al., 1986, 1994,
Csontos, 1995; Fodor et al., 1999).

3. Sampling and petrography

More than 100 xenoliths were studied from the LH
PVF but only two were found which contain pyroxene–
2 pre�rift�thickness
post�rift�thickness

� �
.

spinel symplectites. These symplectite-bearing spinel
lherzolite xenoliths (GC03-06, GC03-23) exhibit por-
phyroclastic textures according to the classification of
Mercier and Nicolas (1975). One xenolith (GC03-06)
displays a strong oriented texture in which the por-
phyroclasts are elongated subparallel to the macroscopic
elongation, determined by the elongation of spinel crys-
tals, with an average grain size around 1–2 mm (parallel
to the elongation). The aspect ratio of the porphyroc-
lastic grains is around 1:2 to 1:4. Mineral phases in the
other xenolith (GC03-23) do not show shape preferred
orientation. In both xenoliths most of the porphyroclasts
of olivine, orthopyroxene and clinopyroxene display
internal strain features such as undulouse extinction,
formation of subgrains and the presence of finely spaced
(5–10 μm) kink bands, which are subparallel to (100) in
olivine porphyroclasts. Orthopyroxenes often exhibit
deformation twins and exsolution lamellae of clinopyr-
oxenes (Fig. 2a) in the cores of the porphyroclasts.
These lamellae are often kinked or curved. Orthopyr-
oxenes frequently develop subgrains. Clinopyroxene



Fig. 3. Stereograms of olivine orientations in the two xenoliths from
the LHPVF. 100 grains were analyzed in each sample. a) GC03-06
with intermediate maximum of [100]-axes and high maximums for
[010] and [001]. Note girdle of (100) and (001) in foliation plane. b)
GC03-23 with intermediate maximums for [010] and [100] and high
maximums for [001]. Note girdle of (100) and (010). Black horizontal
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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porphyroclasts are rare and also display internal strain
features. They contain oriented orthopyroxene and spinel
exsolution lamellae (Fig. 2b) in their cores. Clinopyroxene
porphyroclast cores in GC03-23 also contain voluminous
silicate melt inclusions (Fig. 2c). These inclusions only
occur in the clinopyroxene and are absent in the exsolved
orthopyroxene lamellae. Grain boundaries of the porphyr-
oclasts are irregular and strongly lobate.

Neoblasts have grain sizes typically from 100 to
300 μm. In GC03-06 they are generally elongated and
subparallel to the porphyroclasts and the macroscopic
elongation, exhibiting aspect ratios of 1:2, whereas they
are isometric in GC03-23. Neoblasts also often display
internal strain features (mostly the recrystallized olivines),
like undulate extinction. Grain boundaries of the recrys-
tallized pyroxene and olivine grains can be irregular and
strongly lobate. Besides these types of recrystallized
grains others, with straight or gently curved grain
boundaries, are also present. These grains often adjoin in
triple junctions and lack any sign of internal strain features.

Large (3–4mm) rounded dark symplectite patches (Fig.
2.d) usually with sharp boundaries were found in the two
xenoliths. These patches occupy 3–5 vol.% of the samples
and are composed of orthopyroxene intergrown with very
fine clinopyroxene and spinel (Fig. 2e). The assemblage is
surrounded by euhedral olivine grains and glass with
carbonate blebs (Fig. 2f) that are frequently intercon-
nected by carbonate veins. Clinopyroxene and spinel in
the best preserved symplectites occur closely intergrown
and have equal volume. They appear as elongated, ver-
micular forms “dispersed” in the mass of orthopyroxene
(Fig. 2e, f). The volume ratio of the mineral phases in the
symplectites (opx:cpx:sp=2:1:1) was estimated on the
basis of several scanning electron microscope back-
scattered electron (BSE) images using NIH-image® (a
public domain image processing and analysis program).

4. Fabric analysis

Constituent grains in peridotite rocks deformed under
specific physical conditions may develop specific fabrics
(e.g., Carter and Avé Lallemant, 1970). Special attention
has been paid to the lattice preferred orientation (LPO) of
olivine crystals (e.g., Tommasi et al., 2000; Zhang et al.,
2000; and references therein) since olivine is the dominant
upper mantle mineral and therefore it could be used for
fingerprinting deformation history. The orientation of
olivine grainswasmeasured in thin-sections cut parallel to
the macroscopic lineation and perpendicular to macro-
scopic foliation. Fabric analyses were carried out on a
universal stage (U-stage — Ernst Leitz Wetzlar 2415)
mounted on a polarization microscope (Biolar), as
described elsewhere (e.g., Carter and Avé Lallemant,
1970, Mercier and Nicolas, 1975; Van der Wal, 1993;
Dijkstra et al., 2002). The precision of measurements is
considered to be acceptable for a good approximation of
the orientation analyzed. Several control measurements
were carried out on individual grains and on whole thin-
sections. The reproducibility of themeasurements on axes
of individual grains is less than 3°, whereas onwhole thin-
sections the similarities are unambiguous.

LPO of olivines in the studied xenoliths (Fig. 3) are
roughly similar with [100]-axes clustering subparallel to
the lineation in the foliation plane. The [001]-axes dis-
play a maximum in the foliation plane at high angles to
the lineation, whereas [010] shows maximum at high
angles to the lineation and the foliation plane. The do-
minant slip system in both xenoliths is (010)[100] (e.g.,
Carter and Avé Lallemant, 1970). However, small differ-
ences are observed between the two samples. The [001]-
axes of olivines in GC03-06 exhibit a partial girdle
towards [100]. In contrast, a partial girdle of [100]-axes
towards [010] is found in GC03-23. These differences
might point to the activation of different additional slip
systems during deformation in the two samples (De
Kloe, 2001) or they may indicate that recrystallization of
the samples occurred in different environments. The
orientation of porphyroclasts in the xenoliths does not
differ significantly from that of the neoblasts.

5. Geochemistry

Mineral phases in the studied xenoliths were ana-
lyzed for major (JEOL Superprobe JXA-8600 WDS,



Table 1
Major element composition (in wt.%) of constituent peridotitic and symplectitic mineral phases of a) xenolith GC03-23 and b) xenolith GC03-06

a

GC03-23 Peridotite Symplectite

cpx (6 vol.%) opx (19 vol.%) olivine
(74 vol.%)

sp
(1 vol.%)

n=3 4 3 3 3 3 4 3 3 2 3 4 3 3 3 3

core cpx
+ inc

rim neo core opx
+ inc

rim neo pc neo sp cpx opx sp ol glass

SiO2 51.71 49.5 52.9 51.8 54.4 53.9 55.6 55.9 41.0 40.8 bd. 50.5 55.5 0.06 40.9 55.9
TiO2 0.53 0.51 0.35 0.40 0.17 0.26 0.06 0.07 0.00 0.01 0.12 0.70 0.07 0.20 0.01 0.97
Al2O3 5.35 7.17 4.21 4.97 4.91 5.00 3.40 3.23 0.02 0.02 51.76 7.17 3.87 60.2 0.04 21.0
Cr2O3 0.85 1.33 0.51 0.94 0.58 0.58 0.30 0.25 0.01 0.04 13.07 0.44 0.21 5.92 0.05 0.00
FeO 2.75 3.14 2.80 2.79 6.79 6.57 6.80 6.73 10.6 10.1 11.85 3.70 6.42 10.52 9.80 3.53
MnO 0.09 0.09 0.10 0.08 0.16 0.15 0.19 0.17 0.16 0.13 0.08 0.11 0.17 0.09 0.17 0.08
NiO 0.07 0.08 0.04 0.04 0.07 0.07 0.09 0.08 0.37 0.38 0.37 0.07 0.10 0.38 0.31 0.00
MgO 15.57 15.9 16.4 15.6 32.9 31.7 33.3 33.7 49.1 49.1 20.53 16.6 33.6 21.3 49.3 3.72
CaO 22.57 21.4 22.7 22.2 0.46 1.70 0.48 0.49 0.02 0.12 0.00 20.3 0.63 0.02 0.14 9.04
Na2O 1.03 0.97 0.95 0.99 0.04 0.10 0.06 0.04 0.01 0.01 0.00 0.84 0.06 0.01 0.00 3.18
K2O na na na na na na na na na na na na na na na 0.12
Total 100.51 99.99 100.93 99.86 100.47 100.00 100.22 100.65 101.25 100.70 97.78 100.45 100.57 98.66 100.71 97.49

1.87 1.81 1.91 1.89 1.88 1.87 1.92 1.92 1.00 1.00 0.00 1.83 1.91 0.00 1.00
Ti 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.00 – 0.00 0.00 0.02 0.00 0.00 0.00
Al 0.23 0.31 0.18 0.21 0.20 0.20 0.14 0.13 0.00 0.00 1.65 0.31 0.16 1.83 0.00
Cr 0.02 0.04 0.01 0.03 0.02 0.02 0.01 0.01 0.00 0.00 0.28 0.01 0.01 0.12 0.00
Fe 0.08 0.10 0.09 0.09 0.20 0.19 0.20 0.20 0.22 0.21 0.27 0.11 0.19 0.23 0.20
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.84 0.86 0.88 0.85 1.69 1.64 1.71 1.73 1.78 1.79 0.83 0.90 1.72 0.82 1.79

0.88 0.84 0.88 0.87 0.02 0.06 0.02 0.02 0.00 0.00 0.00 0.78 0.02 0.00 0.00
0.07 0.07 0.07 0.07 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.00

Total 4.02 4.04 4.02 4.02 4.01 4.01 4.01 4.01 3.00 3.00 3.03 4.02 4.01 3.02 3.00
mg# 0.91 0.90 0.91 0.91 0.90 0.90 0.90 0.89 0.90 0.75 0.89 0.90 0.78 0.90
cr# 0.10 0.07 0.11 0.14 0.04 0.06
Fo 0.89 0.89 0.89
Fe3+/Fe2+ 0.46 0.22

b

GC03-06 Peridotite Symplectite

cpx (11 vol.%) opx (18 vol.%) ol (69 vol.%) sp (2
vol.%)

n=4 3 4 3 3 3 3 2 3 2 2 4 3 3 2 4

core cpx+
incl

rim neo core opx+
incl

rim neo pc neo sp cpx opx sp ol glass

SiO2 50.7 49.4 51.4 50.6 54.6 54.3 56.2 55.4 40.1 39.7 0.01 52.8 55.8 0.02 40.6 54.8
TiO2 0.59 0.57 0.34 0.41 0.13 0.14 0.05 0.04 0.00 0.01 0.04 0.19 0.04 0.04 0.02 0.94
Al2O3 6.54 8.36 5.94 6.09 4.58 4.59 3.19 3.13 0.00 0.02 57.7 4.46 3.68 62.0 0.02 21.6
Cr2o3 0.84 1.19 0.70 0.70 0.43 0.45 0.19 0.18 0.00 0.01 10.7 0.39 0.23 6.53 0.07 0.08
FeO 2.68 3.01 2.67 2.61 6.48 6.21 6.41 6.38 9.67 9.92 11.7 2.83 6.66 10.3 8.68 3.43
MnO 0.09 0.09 0.08 0.08 0.15 0.14 0.18 0.16 0.12 0.12 0.12 0.07 0.15 0.11 0.17 0.07
NiO 0.04 0.05 0.04 0.04 0.06 0.06 0.09 0.08 0.29 0.41 0.40 0.00 0.00 0.40 0.27 na
MgO 15.0 15.3 15.8 15.5 33.3 32.1 33.7 34.1 49.1 49.4 20.2 16.4 33.8 21.3 50.4 4.23
CaO 21.7 21.1 22.10 22.21 0.46 1.89 0.50 0.54 0.02 0.12 0.00 22.2 0.48 0.06 0.16 9.36
Na2O 0.95 0.93 0.99 0.90 0.06 0.12 0.02 0.02 na na 0.00 0.87 0.05 0.07 na 4.25
K2O na na na na na na na na na na na na na na na 0.07
Total 99.09 100.00 100.02 99.14 100.25 100.00 100.59 100.01 99.28 99.69 100.83 100.27 100.86 100.8 100.37 98.81
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3 cr#=100*Cr/(Cr+Al).

Table 1 (continued)
b

GC03-06 Peridotite Symplectite

cpx (11 vol.%) opx (18 vol.%) ol
(69 vol.%)

sp (2
vol.%)

n=4 3 4 3 3 3 3 2 3 2 2 4 3 3 2 4

core cpx+
incl

rim neo core opx+
incl

rim neo pc neo sp cpx opx sp ol glass

1.86 1.80 1.89 1.83 1.88 1.88 1.93 1.92 0.99 0.98 0.00 1.91 1.91 0.00 0.99
Ti 0.02 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Al 0.28 0.36 0.21 0.29 0.19 0.19 0.13 0.13 0.00 0.00 1.75 0.19 0.15 1.85 0.00
Cr 0.02 0.03 0.02 0.02 0.01 0.01 0.01 0.00 0.00 0.00 0.22 0.01 0.01 0.13 0.00
Fe 0.08 0.09 0.08 0.08 0.19 0.18 0.19 0.18 0.20 0.21 0.25 0.09 0.19 0.22 0.18
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.82 0.83 0.86 0.84 1.72 1.66 1.73 1.76 1.81 1.82 0.78 0.89 0.17 0.80 1.83

0.85 0.82 0.87 0.89 0.02 0.07 0.02 0.02 0.00 0.00 0.00 0.86 0.02 0.00 0.00
0.07 0.07 0.07 0.06 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.00

Total 4.01 4.02 4.02 4.03 4.02 4.02 4.00 4.02 3.01 3.02 3.01 4.01 4.01 3.01 3.01
mg# 0.908 0.908 0.912 0.914 0.90 0.90 0.90 0.91 0.90 0.90 0.75 0.91 0.90 0.78 0.91
cr# 0.08 0.09 0.07 0.11 0.06 0.07
Fo 0.90 0.89 0.91
Fe3+/Fe2+ 0.12 0.12

n— number of analyses carried out; cpx— clinopyroxene; cpx+incl— clinopyroxene compositions recalculated (adding orthopyroxene and spinel
to the formula; ratio of exsolution lamellae were calculated from digital images; composition of exsolution lamellae was analyzed or assumed to have
the same composition as the measured mineral phases); opx — orthopyroxene; opx+incl — orthopyroxene compositions recalculated (adding
clinopyroxene back to the formula, ratio of exsolution lamellae were calculated from digital images, composition of exsolution lamellae were analyzed
or assumed to have the same composition as the measured mineral phases); na— not analyzed elements; ol— olivine; neo— neoblast; sp— spinel;
mg# — (Mg/Mg+Fe); cr# — (Cr/Cr+Al); Fo — forsterite mol%; Fe3+/Fe2+ ferric/ferrous iron ratio in spinel using the method of Droop (1987).
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Department of Earth Sciences, University of Florence)
and trace element compositions (193 nm ArF Excimer
laser, ELAN 6100 quadrupole mass spectrometer, ETH,
Zürich). Analytical details are described by Vaselli et al.
(1995) for EPMA, and by Guenther et al. (1997) and
Halter et al. (2002, 2004) for LA-ICP-MS analysis. The
analysis of major and trace element zoning in the por-
phyroclasts is a particular subject of the present paper.
Several bulk analyses were carried out on the symplec-
tites with LA-ICP-MS using a large beam size (110 μm)
and a minimum of 40 s ablation time (60 μm crater
depth). This method was applied in order to gain an
accurate representation of the bulk trace element com-
positions and to verify homogeneity within the sym-
plectites. The large beam size and long ablation time
ensured that we measured a representative volume of the
symplectites in which all important modal constituents
were included in appropriate proportions. For porphyr-
oclast cores containing exsolution lamellae also a large
(110 μm) beam diameter was also used in order to obtain
the bulk composition. In such cases no internal standard
was applied and results were normalized to 100% fol-
lowing the method described in Halter et al. (2002),
whereas on porphyroclast rims, neoblasts and glass a
smaller 20–30 μm beam diameter was applied and
known Ca contents were used as internal standards.

6. Major element geochemistry

6.1. Mineral phases

Olivine porphyroclasts in the two xenoliths studied
do not exhibit chemical zoning (Table 1). The average
Fo content is 89–90 in both samples. The Al2O3-
content of spinels in both xenoliths is relatively high
(51–62 wt.%). Low Cr2O3-contents are reflected by
relatively low cr-numbers3 (6–14). Spinels in the sym-
plectites, however, tend to have even lower Cr content
than those in the host peridotite (Table 1). Orthopyroxene
porphyroclasts in both samples are chemically zoned,
with Al and Cr contents decreasing from the core towards
the rims. Orthopyroxene neoblasts in GC03-23 have
slightly higher MgO and lower Al and Cr contents than
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the porphyroclast rims. Clinopyroxene exsolution lamel-
lae and rare spinels (Fig. 2a) are observed within the core
of the orthopyroxenes but the chemical composition of
these very thin lamellae could not be analyzed. In GC03-
23 symplectitic orthopyroxenes have lower Cr2O3, FeO
and higherCaO contents compared to porphyroclastic and
neoblastic orthopyroxenes. Such a difference was not
observed in GC03-06 (Table 1).

Clinopyroxenes are also zoned, showing a remarkable
decrease of TiO2, Al2O3 and Cr2O3 and increase in MgO
from core to rim (Table 1; Fig. 4). Clinopyroxene
neoblasts in GC03-23 exhibit intermediate TiO2, Al2O3

and MgO contents; however they have the highest Cr2O3

(0.94 wt.%) and lowest CaO (22.2 wt.%) compositions
compared to porphyroclast cores and rims. The compo-
sition of clinopyroxenes in the studied samples falls
within the range of clinopyroxene compositions analyzed
by Szabó et al. (1995b) from the same area. Clinopyr-
oxene porphyroclasts also contain exsolution lamellae of
orthopyroxene and spinel; however, their composition
could not be measured accurately due to size limitations.
Clinopyroxenes in the symplectites of the two xenoliths
are different in composition. In GC03-06 they exhibit
low Al, Ti content with respect to porphyroclasts and
neoblasts, whereas Mg and Ca contents are higher. In
contrast, clinopyroxenes in GC03-23 have high Ti, Al,
Fe and Mg and low Ca contents compared to the host
Fig. 4. Al vs. mg# in clinopyroxene cores, rims, neoblasts, recalculated c
composition of clinopyroxenes of all textural types present in the LHPVF an
peridotite minerals. In both cases Cr is significantly
lower in clinopyroxenes in the symplectites than the
porphyroclastic and neoblastic clinopyroxenes (Table 1).

Exsolution lamellae in orthopyroxene and clinopyr-
oxene have been reintegrated with the pyroxene core
compositions to obtain compositions prior to exsolution.
The volume ratios of the exsolution lamellae within the
core of the porphyroclasts (2–5 vol.%) were estimated
using BSE images. The lamellae were assumed to have
the same composition as the core composition of the
porphyroclasts in the measured mineral phases. A mass
balance calculation, using the homogeneous porphyr-
oclast core compositions, the assumed lamellae compo-
sitions and the estimated volume ratios, was carried out
in order to reconstruct the pre-exsolution (original) por-
phyroclast compositions. This resulted in an increase in
Al, Cr and Fe and a decrease in Si and Ca content for the
clinopyroxene and a significant increase in Ti, Al, Cr
and Ca and decrease in Si, Fe and Mg content of or-
thopyroxene porphyroclast cores (Table 1).

The interstitial glass adjacent to the symplectites
in both samples shows similar compositions (Table 1).
They have intermediate SiO2 (54.8–55.8 wt.%), high
Al2O3 (21.0–21.6 wt.%) and relatively low TiO2

(0.94–0.97 wt.%) contents. The total alkali content is
3.30–4.30 wt.% and the glass has a relatively low total
alkali/CaO ratio (0.36–0.46) (Table 1).
ores and symplectites of GC03-06 and GC03-23 (see legend) with
alyzed by Szabó et al. (1995b).



Table 2
Major element composition (wt.%) of bulk symplectites derived using
1) mass balance calculation (calc) of the constituent phases

Bulk symplectite
(calc)

Bulk symplectite (meas)

n=5 n=4 Falus
et al.
(2000)

GC03-23 GC03-06 GC03-06 GC03-23

SiO2 42.4 42.0 41.8 42.8 46.5
TiO2 0.24 0.07 0.19 0.25 0.23
Al2O3 16.8 17.3 18.2 18.1 12.0
Cr2O3 1.50 2.13 1.60 1.40 1.72
FeO 6.69 6.82 6.52 6.32 7.04
MnO 0.14 0.12 0.12 0.12 0.14
NiO 0.15 0.13 0.18 0.12 0.05
MgO 27.1 26.4 27.0 25.7 27.7
CaO 5.00 4.93 4.44 5.27 4.59
Total 100.00 100.0 100.1 100.0 100.0

Calculated garnet Residual (~olivine)
SiO2 43.0 42.4 40.9 40.9
TiO2 0.33 0.09 – –
Al2O3 23.0 22.1 – –
Cr2O3 2.05 2.74 – –
FeO 5.26 6.01 9.66 9.73
MnO 0.19 0.16 – –
NiO 0.21 0.17 – –
MgO 19.1 20.0 43.4 49.4
CaO 6.83 6.32 – –
Total 100.0 100.00

gt/res (mol ratio) 1.03 1.23
Si 3.00 3.00
Ti 0.02 0.00
Al 1.89 1.85
Cr 0.11 0.15
Fe 0.31 0.36
Mn 0.01 0.01
Ni 0.01 0.00
Mg 1.99 2.11

0.51 0.48
0.04 0.04

K 0.00 0.00
Total 7.89 8.01
mg# 0.86 0.85
cr# 0.06 0.08
Py 72.81 71.4
Alm 10.89 12.0
Gro 15.95 16.2
Sp 0.35 0.32

Volumetric ratios were estimated from digital images; 2) LA-ICP-MS
data on bulk symplectite. For comparison, the average bulk compo-
sition of orthopyroxene–clinopyroxene–spinel assemblages of Falus
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7. Calculated bulk symplectite and garnet

Bulk composition of the symplectites was calculat-
ed by the mass balance method using the chemical
composition of the individual phases within the sym-
plectite, their volumetric ratios determined by detailed
analysis of BSE images employing NIH Image®, and
their densities. Symplectite compositions within the
two samples are quite similar (Table 2), except for their
Cr2O3 contents. Bulk symplectite major element com-
positions measured by LA-ICP-MS are also shown in
Table 2. These analyses are quite close to the calculated
bulk compositions with an average standard deviation
around 10%, discrepancies are only observed in the Al,
Fe and somewhat in the Ca contents. However, the
estimated composition of bulk symplectites differs
considerably from those described by Falus et al. (2000),
who used coarse-grained orthopyroxene–clinopyrox-
ene–spinel clusters for their calculations. Calculated
bulk compositions of Falus et al. (2000) exhibit higher
Si and Mg and lower Al, and Ca contents, which is
attributed to the larger error in the estimation of volu-
metric ratios in the coarse-grained mineral assemblage.

The studied symplectites may be the result of garnet
breakdown process expressed by the following equation
(Smith, 1976):

garnet þ olivine ¼ orthopyroxene
þ clinopyroxene þ spinel ð1Þ

Using this equation, we can derive the former garnet
compositions from the calculated symplectite bulk
compositions using the deconvolution method of Falus
et al. (2000). This method is based on the assumption
that stoichiometric garnets have reacted with olivine
and that garnet was the source of Al and Cr in the
reaction products (pyroxene–spinel assemblage). The
reconstructed garnets in both xenoliths are pyrope-rich
(pyr∼71.4–72.8 mol%; Table 2). These compositions
are close to stoichiometric peridotitic garnet composi-
tions (Table 2), whereas “residuals” remaining in the
symplectite, after extracting the garnets, are quite close
to olivine compositions [Si/(Mg+Fe)=1/2; Table 2].
The mol ratio of garnet/olivine is close to 1 (Table 2).
et al. (2000) are also shown. Garnet (calculated garnet using bulk
symplectite compositions derived from mass balance calculation) and
residual compositions were calculated using the method of Falus et al.
(2000). n — number of analyses; gt/res — mol ratio of garnet and
residual phase; Py — pyrope; Alm — almandine; Gro — grossular;
Sp— spessartine in mol%. mg#— (Mg/Mg+Fe); cr#— (Cr/Cr+Al).
8. Trace element geochemistry

Bulk symplectites, clinopyroxene porphyroclast cores,
rims and neoblasts and interstitial glass were analyzed for
their trace elements (Table 3) by LA-ICP-MS. In sample
GC03-06 primitive mantle normalized (McDonough and
Sun, 1995) clinopyroxene compositions show remarkable
positive Th and U anomalies and clear negative ano-
malies in Nb, Pb, P and Ti (Fig. 5a). Clinopyroxene cores
have somewhat lower HREE, Zr, Hf and Y and



Table 3
Trace element composition (in ppm) of the studied xenoliths

a

GC03-06 cpx core stdev. cpx rim stdev. cpx neo stdev. opx stdev. bulk symp. stdev. glass stdev.

n=3 n=3 n=3 n=4 n=5 n=3

Rb 0.01 5*10−4 0.01 2*10−3 0.01 3*10−4 bd. 0.01 1*10−3 0.73 0.14
Ba 0.09 0.02 0.05 0.02 0.11 0.02 0.03 4*10−3 0.05 0.02 17.36 4.21
Th 0.05 3*10−3 0.04 3*10−3 0.04 1*10−5 0.01 3*10−3 0.02 0.01 0.05 4*10−3

U 0.10 0.04 0.03 0.02 0.02 0.02 bd. – 0.02 0.01 0.06 0.01
Nb 0.05 0.01 0.02 0.01 0.03 1*10−3 0.01 1*10−3 0.02 4*10−3 1.79 0.01
Ta 0.02 0.01 0.01 2*10−3 0.01 2*10−3 bd. – 0.01 2*10−4 0.14 0.04
La 1.24 0.02 1.27 0.01 1.27 4*10−3 0.03 0.10 0.43 3*10−3 1.97 0.04
Ce 4.32 0.01 4.35 0.01 4.33 1*10−3 0.10 0.04 1.47 0.02 6.27 0.28
Pb 0.14 0.02 0.07 0.04 0.14 0.02 0.06 4*10−3 0.07 0.01 0.57 0.06
Pr 0.83 0.01 0.79 0.02 0.84 0.01 0.02 0.01 0.28 0.01 1.03 0.03
Sr 48.51 0.04 48.15 0.21 48.69 0.17 1.04 0.45 16.35 0.31 153.70 0.64
P 57.92 0.16 62.51 3.09 54.01 2.93 36.85 1.77 44.08 1.22 171.35 3.59
Nd 4.90 0.10 4.51 0.18 4.87 0.08 0.13 0.05 1.62 0.07 6.09 0.13
Sm 1.95 0.08 1.76 0.05 1.79 0.03 0.04 0.01 0.63 0.03 1.98 0.10
Zr 34.30 2.73 40.82 1.89 39.34 0.84 2.22 0.47 13.73 0.62 37.80 0.09
Hf 1.00 0.04 1.05 2*10−3 1.12 0.05 0.08 0.02 0.39 2*10−3 0.82 0.08
Eu 0.69 0.03 0.71 0.02 0.81 0.05 0.02 0.01 0.25 0.01 0.89 0.04
Ti 3104.44 117.62 2810.62 90.14 2899.25` 27.48 941.00 195.69 1468.56 169.15 7740.13 407.78
Gd 2.37 2*10−3 2.45 0.06 2.29 0.06 0.07 0.02 0.82 0.01 2.56 0.12
Tb 0.46 0.01 0.46 0.01 0.49 0.01 0.02 3*10−3 0.16 5*10−3 0.52 0.03
Y 15.57 1.05 18.92 1.33 16.65 0.28 0.96 0.13 6.16 0.27 21.77 0.78
Ho 0.61 0.05 0.77 0.06 0.67 0.01 0.03 4*10−4 0.24 0.02 0.89 0.06
Er 1.72 0.16 2.28 0.23 1.86 0.07 0.13 0.01 0.72 0.05 2.25 0.03
Yb 1.69 0.18 2.21 0.19 1.92 0.01 0.21 0.01 0.78 0.06 2.31 0.04
Lu 0.24 0.03 0.31 0.03 0.27 1*10−3 0.04 1*10−4 0.12 0.01 0.35 0.05

b

GC03-23 cpx core stdev. cpx rim stdev. cpx neo stdev. opx stdev. bulk symp. stdev. glass stdev.

n=4 n=3 n=3 n=3 n=4 n=3

Rb 0.04 4*10−3 0.05 0.01 0.01 0.02 0.01 0.01 0.41 0.19 1.38 0.34
Ba 8.11 3.76 0.17 1.85 0.08 1.91 0.27 0.20 11.53 6.48 160.56 3.57
Th 2.07 0.04 1.93 0.06 2.05 0.02 0.13 0.04 0.36 0.12 4.25 0.02
U 0.62 0.01 0.65 0.03 0.56 0.04 0.03 0.01 0.12 0.06 1.22 0.05
Nb 0.08 0.01 0.07 0.01 0.02 0.02 0.02 4*10−4 0.27 8*10−3 1.56 0.07
Ta 0.01 0.01 0.03 0.01 0.01 4*10−3 0.01 4*10−3 2*10−3 0.01 0.05 2*10−3

La 9.55 0.05 9.53 0.03 9.36 0.08 0.24 0.10 1.69 0.09 14.78 0.21
Ce 15.68 0.37 15.65 0.35 14.14 0.72 0.44 0.16 2.88 0.17 21.05 0.32
Pb 2.28 0.20 1.79 0.14 1.91 0.06 0.08 0.02 0.53 0.15 9.02 0.40
Pr 1.49 0.06 1.48 0.06 1.22 0.12 0.05 0.02 0.30 0.12 1.79 0.05
Sr 104.58 4.98 99.77 1.59 88.23 6.57 2.37 1.04 34.60 3.54 301.18 11.13
P 47.57 4.09 58.58 3.70 53.89 0.39 31.51 4.31 50.63 11.42 228.00 12.41
Nd 5.64 0.08 6.18 0.46 4.78 0.53 0.13 0.04 1.44 0.05 6.70 0.05
Sm 1.78 0.11 1.32 0.21 1.74 0.09 0.03 0.01 0.57 0.06 1.87 0.13
Zr 44.05 5.29 49.50 1.44 61.04 6.72 2.20 0.07 15.81 1.47 70.46 0.25
Hf 1.09 0.17 1.41 0.05 1.50 0.12 0.07 3*10−3 0.50 0.03 1.46 0.04
Eu 0.69 0.03 0.77 0.02 0.75 0.01 0.01 5*10−4 0.25 0.04 0.83 0.01
Ti 3063.81 214.5 2825.88 46.24 2391.74 260.7 933.33 183.3 1475.64 65.90 5294.03 89.30
Gd 2.39 0.11 2.58 0.03 2.64 0.07 0.08 0.01 0.99 0.09 2.67 0.18
Tb 0.47 0.02 0.49 0.01 0.55 0.03 0.01 8*10−4 0.24 0.08 0.56 0.02
Y 17.37 1.40 18.27 0.77 22.43 2.17 0.67 0.08 9.87 1.14 24.79 0.40
Ho 0.67 0.01 0.56 0.08 0.80 0.09 0.03 6*10−4 0.40 0.04 0.90 0.04
Er 1.80 0.09 1.83 0.06 2.13 0.15 0.12 0.02 1.15 0.11 2.71 1*10−3

Yb 1.77 0.02 1.50 0.21 2.13 0.24 0.13 0.05 1.13 0.25 2.53 0.14
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Table 3 (continued)
b

GC03-23 cpx core stdev. cpx rim stdev. cpx neo stdev. opx stdev. bulk symp. stdev. glass stdev.

n=4 n=3 n=3 n=3 n=4 n=3

Lu 0.23 0.01 0.24 3*10−3 0.27 0.02 0.03 0.01 0.14 0.01 0.37. 0.02

cpx — clinopyroxene; core — core of phases analyzed with 110 μm wide beam; neo — neoblast; opx — orthopyroxene; bulk symp. — bulk
symplectite analyzed with 110 μm wide beam; glass 1, 2— glasses in relation with the symplectite; stdev— standard deviation of the analyses; n—
number of analyses; b.d. — below detection limit.

Table 3 (continued )
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significantly higher U contents than the rims. In contrast,
LREE and MREE contents are more or less similar
(Figs. 5a, 6ab). Clinopyroxene neoblast compositions fall
between the core and rim compositions of porphyroclasts.
Fig. 5. Primitive mantle (McDonough and Sun, 1995) normalized trace
Theoretical garnet compositions in equilibrium with measured clinopyrox
Achterbergh et al. (1998). cpx — clinopyroxene; opx — orthopyroxene; gt
average of 3 analyses of measured peridotitic clinopyroxene (rim) and calcul
distribution coefficients of Takazawa et al. (1996).
The mantle-normalized composition of glass around
symplectites shows positive Sr, U and weak negative Pb
and P anomalies (Fig. 5a). LREE are slightly depleted
relative to HREE. The pattern of the bulk symplectites
element pattern of a) xenolith GC03-06 and b) xenolith GC03-23;
ene averages using the distribution coefficients for gt/cpx of Van
— garnet. c) Primitive mantle normalized trace element patterns of an
ated clinopyroxene compositions in the symplectite using the opx/cpx
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(McDonough and Sun, 1995) is LREE depleted
(Fig. 5a). The symplectites exhibit a weak negative
anomaly in Zr and Ti with clear negative Pb, P, Nb and
Ta anomalies (Fig. 5a). In contrast, U shows a positive
anomaly with respect to the primitive mantle.

The trace element patterns of clinopyroxene por-
phyroclasts in GC03-23 display strong positive Th, U,
Pb anomalies and a weak Zr anomaly. Nb, Ta, P and Ti
exhibit strong negative anomalies, whereas HREE and
MREE are depleted relative to LREE (Figs. 5b, 6ab).
Porphyroclastic clinopyroxene cores show compositions
similar to the rims. Zr and Yare only weakly enriched in
the rims with respect to core compositions (Figs. 5b, 6b).
Fig. 6. Primitive mantle normalized (McDonough and Sun, 1995) REE pat
GC03-23. For comparison, REE patterns of clinopyroxenes of xenoliths from
Szabó et al., 1995b; Dobosi, 2003) are also shown. cpx— clinopyroxene b) C
rims and neoblasts, normalized to primitive mantle (McDonough and Sun, 199
are above the standard deviation (see Table 3). Note similar compositions
neoblast. cpx — clinopyroxene.
In case of HREE this enrichment towards the rims is not
as clearly observed as in GC03-06 (Table 3, Fig. 6b).

Glass around the symplectite in the GC03-23 exhibits
a trace element pattern in many aspects similar to the
clinopyroxenes (Fig. 5b) with positive U, Th, Pb and Sr
anomalies. Aweak positive Zr anomaly is also observed
but the strong negative Ti anomaly in the clinopyrox-
enes is absent from the glass. LREE shows slight en-
richment with respect to HREE with an abrupt change of
slope at Pr–Nd (Fig. 5b).

Measured bulk symplectite trace element composi-
tions normalized to primitive mantle display a mild
enrichment in LREE compared to HREE, although a
tern of a) average clinopyroxene (core-rim-neoblast) of GC03-06 and
the same location (LHPVF) from earlier studies (Downes et al., 1992;
lose up for LREE and HREE+Yof clinopyroxene porphyroclast cores,
5). Average of 3 analyses. Differences between observed compositions
in LREE and elevated HREE in the rim of the porphyroclast and the



Fig. 7. Suggested evolution of the two mantle domains. Stage 1:
Garnet peridotite phase; Stage 2: Upwelling of the mantle material —
stage of crystal plastic deformation and metasomatism in GC03-23 and
the formation of melt inclusions in cpx cores; Stage 3: Re-equilibration
of mantle domains to spinel conditions, exsolution of clinopyroxene,
spinel and orthopyroxene lamellae; Stage 4: Re-equilibration to new
geotherm and the formation of symplectites (garnets are metastable up
to this point); Stage 5: Sampling by the host basalt— external heating
and in situ melting of symplectites. 80 mW/m2 geotherm of Lankreijer
et al. (1997). Garnet (gt) to spinel (sp) transition (dashed line) from
O'Neill (1981). Solid arrow on the right denotes P–T path of host
basalt.
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weak enrichment in HREE with respect to MREE is also
observed (Fig. 5b). Clear positive anomalies in U, Pb,
and Sr are found, whereas Nb, Ta, P and Ti show marked
negative anomalies (Fig. 5b).

9. Physico-chemical evolution of the symplectite-
bearing mantle domains

9.1. Pressure–temperature-rheology

Pyroxene–spinel clusters containing relatively coarse
closely intergrown crystals have been described from
several xenolith locations at the edges of the PB (Fig. 1)
(SBVF: Vaselli et al., 1996; Falus et al., 2000; NGVF:
Szabó and Taylor, 1994; ETBVF: Vaselli et al., 1995).
However, they have not yet been reported from the more
central areas (LHPVF and BBHVF) of the PB. Similar
clusters have also been reported from numerous mantle
xenolith locations worldwide (e.g, Nicolas et al., 1987;
Luhr and Aranda Gomez, 1997).

The pyroxene–spinel symplectites display a size,
shape and volume ratio that suggest that they were
formed via garnet decomposition. Their bulk chemical
composition also resembles that of garnets (Table 2).
Reaction of the original phases (garnet and olivine), as
recalculated above, resulted in the formation of the
symplectite phases (orthopyroxene, clinopyroxene and
spinel) (Smith, 1976).

Our calculations also suggest that the breakdown
reaction was dominantly a closed-system reaction with-
out any significant material input or extraction with
respect to major elements (Table 2). The closed-system
reaction and the decrease of Al in orthopyroxene and
clinopyroxene from core to rim, also shown for sym-
plectite bearing peridotites in the Horoman Massif
(Ozawa and Takahashi, 1995; Takahashi, 1997),
suggests that the symplectites were formed by a sub-
solidus reaction. The mantle domains represented by
the studied peridotites went through the garnet-to-spi-
nel transition. Thus, a minimum pressure for the garnet-
bearing mantle peridotite can be estimated based on the
spinel and garnet peridotite transition. Depending on
the geotherm, the phase transition would have occurred
at 16–18 kbar (corresponding to 55–60 km depth;
Fig. 7/1) that marks the minimum pressure for the first
stage of P–T evolution in the history of these peridotite
xenoliths.

The exsolution of clinopyroxene, orthopyroxene and
spinel in the pyroxene porphyroclast cores record an
event that took place already in the spinel stability field
(Fig. 7/3). The solubility of pyroxenes in one another is
largely temperature dependent (e.g., Brey and Köhler,
1990). Thus this exsolution records a cooling-dominated
event, which occurred either during uprise to shallower
depths or after adiabatic upwelling and reequilibration
at shallower depth. The recalculated orthopyroxene–
clinopyroxene core pairs, suggested to represent the
“original” composition of the pyroxene porphyroclasts,
were used to estimate equilibrium temperature prior to
exsolution. These values (970–1010 °C), applying the
method of Brey and Köhler (1990), represent minimum
estimates of the highest temperatures experienced by
the mantle domains in the spinel stability field (Table 4,
Fig. 7).

The chemical composition of pyroxene rims, which are
all free of exsolution lamellae and melt inclusions (Fig.
2c), may refer to the latest equilibrium conditions.
Calculations revealed that these conditions may have
been indicative of those close to the time of sampling by
the host alkali basalt (Late Miocene–Pliocene). The esti-
mated temperatures for the conditions just before sam-
pling (800–900 °C; Table 4, Fig. 7) are about 100–150 °C
lower than the highest temperatures experienced in the
spinel field. Corresponding pressure values were estimat-
ed using the geotherm constructed for the present-day



Table 4
Equilibrium pressure and temperature values for the studied xenoliths

GC03-06 GC03-23

Pgt (O'neill) kbar 16–18 16–18
Tsp (max) °C 1010 970
Tsp (rec) °C 900 800
Psp (geotherm) kbar 9 8.5

“gt” — denotes physical conditions suggested for the garnet lherzolite
environment, whereas “sp” — stands for pressure and temperature in
the spinel lherzolite environment at the time of sampling. Minimum
pressures calculated for garnet–spinel transition using O'Neill (1981);
max — temperature in the spinel stability field calculated using
orthopyroxene and clinopyroxene core compositions with reentered
lamellae, rec — temperatures during sampling calculated from
orthopyroxene–clinopyroxene rim compositions using Brey and
Köhler (1990); Psp — estimated pressures using the 80 mW/m2

‘geotherm’ of Lankreijer et al. (1997).
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60 km thick lithosphere with 80 mW/m2 heat flow of the
PB (Lankreijer et al., 1997). The resulting values yield
pressures around 8–9 kbar (∼depth of 25–27 km), which
represent the shallower lithospheric mantle beneath the
region (e.g., Horváth, 1993; Posgay et al., 1995; Lenkey,
1999). This implies that the mantle section was
considerably thinned, in agreement with pressure indi-
cated by the xenoliths that implies a decrease of
“paleodepth” from 55–60 km to 25–27 km.

It is clear that the evolution of the studied upper
mantle domains reflects a complex history. Some of
these were most probably related to the formation of the
PB. Deformation and resulting recrystallization associ-
ated with these processes are well reflected in the olivine
orientation patterns of the studied peridotites. Both
samples exhibit moderate to strong olivine LPO, indi-
cating that their deformation took place in the disloca-
tion creep regime. In both cases the (010)[100] “high
temperature” (≥1000 °C) slip system is dominant (Car-
ter and Avé Lallemant, 1970). The olivine orientation
pattern of GC03-06 (Fig. 3a), with partial girdles of
[001]-axes towards the lineation, resembles that of shal-
low upper mantle xenoliths from the BBHVF (e.g.,
Falus, 2004; Falus et al., 2004). The formation of such
orientation patterns is attributed to flattening (e.g., Dijk-
stra, 2001). The pronounced partial girdles of [100]-axes
perpendicular to the lineation and foliation in GC03-23
(Fig. 3b) are suggested to be related to fluid- (or melt-)
assisted subgrain rotation (Bussod and Christie, 1991)
along the [001]-axes (e.g., Tommasi et al., 2000). We
suggest that the deformation took place in response to
the formation of the PB and was most likely related to
the considerable lithospheric thinning (Fig. 7/2).

The studied peridotites experienced a significant
temperature increase and a synchronous pressure drop,
at the closing stage of their evolution, when sampled by
the host basalt, with temperatures above 1100 °C (Green
et al., 1999). These abrupt changes in physical condi-
tions may have caused melting and consumption of the
fine-grained symplectites (Figs. 2d, 7). The two peri-
dotites (i.e., two mantle domains) show relatively simi-
lar P–T and rheological evolution (Fig. 7), at least from
the point of passing through the garnet peridotite to
spinel peridotite transition. These similarities may sug-
gest that they were part of the same geodynamic system
(i.e., the formation of the PB) at the final stage of their
history.

9.2. Geochemistry

Despite the similarities in their P–T and deformation
history, the geochemical characteristics of the two xe-
noliths are quite distinct. GC03-06 is a typical fertile
peridotite, similar to the most fertile ones from the
LHPVF described by Szabó et al. (1995b), with high
clinopyroxene mode, relatively high incompatible major
element content of its mineral constituents (Table 1,
Fig. 4), and a depleted LREE pattern (Figs. 5a, 6a1).
Mantle-derived peridotites with similar characteristics
are suggested to represent upper mantle that has ex-
perienced only ancient partial melting during major
crust-forming events (e.g., Downes et al., 1992; Szabó
et al., 1995a; Downes, 2001). Relatively high clinopyr-
oxene modes, their petrographic (Fig. 2c) and geochem-
ical characteristics (Figs. 5b, 6a) imply that intensive
interaction of mantle wall rock with percolating fluids
and melts (e.g., Downes et al., 1992; Szabó et al., 1995a)
occurred in the mantle domain represented by GC03-23.
This reaction resulted in incompatible trace element
enrichment of the clinopyroxenes (Figs. 4, 5b, 6a),
whereas their rather depleted basaltic major element
compositions (Fig. 4) are the consequence of earlier
partial melting (e.g., Downes et al., 1992; Szabó et al.,
1995b). These phenomena make them very similar in
composition to many clinopyroxenes in equigranular
and secondary recrystallized xenoliths of the LHPVF
(Szabó et al., 1995b, Dobosi, 2003). The metasomatic
process, based on petrographic evidence in GC03-23
(melt inclusions in the clinopyroxene porphyroclast
cores), predated the exsolution of orthopyroxene and
spinel lamellae and therefore may have taken place
during the upwelling (Fig. 7/2) at the final stages of
plastic deformation (see earlier). This indicates that
metasomatism was a syn- or pretectonic process.

Being geochemically the most sensitive mineral con-
stituent, clinopyroxene reflects the geochemical features
of the shallow upper mantle. Clinopyroxenes in both



243G. Falus et al. / Lithos 94 (2007) 230–247
xenoliths differ considerably from those of garnet peri-
dotites (Kempton et al., 1999; Glaser et al., 1999). True
garnet peridotitic ones are much more enriched in Na
(∼2 wt.%) and have lower Ca content (15–18 wt.%)
and show depletion in HREE with respect to the pri-
mitive mantle, i.e. NdN/LuN=8.1–10.0, whereas the
xenoliths of the present study show much lower values
(0.8–1.1). This indicates that despite the petrographic
evidence for the earlier presence of garnet, the system
either reequilibrated completely under spinel peridotite
conditions or after garnet breakdown it went through
open system melting or metasomatism (Fig. 7).

Although mineral chemistry evidences extensive
reequilibration of the whole system, local (cm-scale)
geochemical disequilibrium between the host and sym-
plectitic mineral constituents is still observed, which
may indicate that symplectite formation was a very late
process that occurred after bulk reequilibration. Major
element composition of symplectitic orthopyroxene
and clinopyroxene differ strongly from the peridotitic
mineral phases (Fig. 4). These differences are quite
striking in GC03-23 where the symplectitic cpx has
significantly higher Al and lower Ca content (Table 1,
Fig. 4) than the peridotitic one. In GC03-06 symplec-
titic phases are much closer in composition to the
peridotitic porphyroclast rims.

As individual minerals inside the symplectites could
not be analyzed because of their small size, the com-
position and the equilibration state of the trace elements
between peridotitic and the symplectitic mineral phases
could only be estimated. For this purpose, we used 2
independent approaches: 1) theoretical symplectites
were generated using mixtures of 66 mol% orthopyr-
oxene and 34 mol% clinopyroxene (an average of
porphyroclastic core, rim and neoblast). These propor-
tions are similar to the ratio of the two phases within
the symplectites (opx:cpx:sp=2:1:1; Fig. 2e; assuming
that spinel does not significantly contribute to the
incompatible trace element budget of the symplectites).
Bulk trace element compositions of the symplectites,
using this approach, were reasonably well reproduced
(Fig. 5ab). Some systematic discrepancies between the
measured and estimated compositions have been found.
In both cases HREE and Y were underestimated, where-
as LREE were overestimated with respect to measured
bulk symplectite compositions (Fig. 5ab); 2) Clinopyr-
oxene compositions in the symplectite were calculated
using the opx/cpx distribution coefficients of Takazawa
et al. (1996), applying the bulk composition of the
symplectites and assuming that orthopyroxene and cli-
nopyroxene in the symplectite were in equilibrium and
that spinel did not incorporate considerable amounts of
incompatible trace elements. The calculated symplectitic
clinopyroxene compositions give almost the same re-
sults as the measured peridotitic clinopyroxene por-
phyroclast rims (Fig. 5c), although some differences,
mostly for GC03-23, are observed. Both approaches
imply that chemical equilibrium among symplectitic
and peridotitic mineral constituents has not been
reached, although GC03-06 seems to be closer to
equilibrium than GC03-23. This might indicate that the
higher equilibrium temperatures observed in the spinel
peridotite phase for GC03-06 (Table 4) lead to more
complete reequilibration.

Intramineral disequilibrium features in the clinopyr-
oxene porphyroclasts have also been observed (i.e.,
zoning observed in Ca, Al and Na), which are most
likely related to changes in thermal conditions. This also
includes remarkable enrichment in HREE Zr, Hf and Y
(elements that favor garnet) of clinopyroxene porphyr-
oclast rims and neoblasts with respect to cores (Fig. 6b).
In contrast, other incompatible trace elements such as
LREE behave broadly similarly in the cores and rims
and neoblasts (Fig. 6b). Similar phenomena were also
shown by Morishita and Arai (2003) for symplectites
from the Horoman peridotite. Since this feature is ob-
served in both the metasomatized and unmetasomatized
xenolith, we suggest that the trace element zoning is
related to garnet breakdown and redistribution of the
garnet-originated trace elements. Moreover, this phe-
nomenon could only be preserved in both xenoliths if
garnet breakdown postdated both the metasomatism
observed in GC03-23 and the bulk reequilibration of the
mantle domains to spinel facies (Fig. 7/4). This sug-
gests, in addition, that garnets have been metastable for
a long period of time within the spinel stability field.

At the final stage in the evolution of the mantle
domains represented by the xenoliths, intense melting of
the symplectites and their surroundings occurred. Near-
ly unaffected symplectite remained only in the center of
the patches, surrounded by glass and crystalline material
(Fig. 2d). Carbonate blebs within the glass, are believed
to be of secondary origin simply because most of them
are interconnected by carbonate veins, although a de-
tailed stable isotope study would be needed to confirm
this. Moreover, there is no evidence within the xenoliths
that the partial melting of symplectites took place at high
pressure (N15 kbar; e.g., Dalton and Wood, 1993). The
high SiO2 (∼55%) and lowMgO and FeO content of the
glass in the presence of olivine–orthopyroxene assem-
blage indicates rather low pressure melting (b1.5 GPa)
(Baker et al., 1995; Hirschmann et al., 1998), further-
more the high Al2O3 content requires the absence of
garnet from the melting mineral assemblage. The trace
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element composition of the glass in both xenoliths, in
many aspects, is close to the composition of the bulk
symplectites and clinopyroxenes (Fig. 5a, b). This ex-
plains why the composition of the glass, former melt, in
the two studied xenoliths is highly different. Melt de-
rived from the partial melting of the symplectites in
GC03-06 are LREE-depleted (Fig. 5a), indicating that
they have been derived from a significantly LREE-
depleted source. They show weak negative anomalies in
Th, Pb, Zr and weak positive anomalies in Sr and Ti
compared to primitive mantle (McDonough and Sun,
1995). Melts with similar compositions are not known
Fig. 8. Primitive mantle normalized (McDonough and Sun, 1995)
LREE pattern of analyzed glass in the symplectites and average
clinopyroxene (cpx) compositions in the a) xenolith GC03-06 and b)
xenolith GC03-23. Patterns of 5, 10, 20, 50% equilibrium modal
melting of the symplectites (assuming 2:1 orthopyroxene:clinopyrox-
ene ratio and no trace element partitioning in spinel). Distribution
coefficients for opx/melt were taken from Schwandt and McKay
(1998) for peridotite environment; for cpx/melt from Johnson (1994).
from the surface and have only been found in a few
mantle xenoliths with glass veins from the LHPVF (Bali
E. personal communication). Assuming that trace ele-
ments are only incorporated into orthopyroxene, clino-
pyroxene and glass, trace element compositions in glass
from GC03-06 are well reconstructed by 10–20% equi-
librium modal melting of the symplectites (Fig. 8a),
which is in good agreement with our petrographic
observations (Fig. 2d–f). In contrast, glass composi-
tions in xenolith GC03-23 are enriched in incompatible
trace elements (Fig. 5b). Glass compositions in GC03-
23 were also fairly well reconstructed by approximate-
ly 20% equilibrium modal melting of the symplectites
(Fig. 8b).

10. Conclusions

1) Rare upper mantle peridotites from the LHPVF,
Western Hungary, contain pyroxene–spinel symplec-
tites that are interpreted to be the breakdown products
of garnet–olivine reaction.

2) Geothermobarometric estimations show that the
mantle domains represented by the two xenoliths
experienced major decompression (8–10 kbar) and
cooling (100–150 °C), which is likely to be related
to mantle upwelling associated with the formation
of the PB.

3) Despite being part of the same geodynamic system,
the two mantle domains went through different geo-
chemical evolution: one domain remained mainly
unaffected during basin formation, whereas the other
one experienced metasomatism and chemical mod-
ification during mantle upwelling.

4) Plastic deformation during lithospheric thinning de-
veloped remarkable LPO in both xenoliths. These
indicate high temperature dislocation creep in both
xenoliths with the possible evidence for fluid/melt
infiltration in the metasomatized xenolith during the
final stages of deformation.

5) The chemical composition of host and symplectite
phases represents typical spinel lherzolitic patterns;
however, trace element zoning in HREE, Y, Zr and
Hf in some of the clinopyroxene porphyroclasts car-
ries evidence for the breakdown and redistribution of
trace element from the garnet suggested to be a very
late process postdating metasomatism and major re-
equilibration to spinel-facies conditions.

6) Glasses occurring in close relation with the pyrox-
ene–spinel symplectites are in many aspects very
similar to the composition of the symplectites and are
the products of in situ melting. Their formation was
related to external heating by the host alkali basalt
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and they are considered to be the very last stage in the
evolution of the upper mantle beneath the PB.

Acknowledgement

We are grateful to Tomoaki Morishita and an ano-
nymous reviewer for their critical but very helpful com-
ments. Enikõ Bali (Eötvös University) is acknowledged
for her assistance at the fieldwork, F. Olmi (CMR-
CSMGA) for his help with microprobe analysis. We
thank Kamilla Gál-Sólymos for the high quality SEM
images taken at the Department of Petrology and Geo-
chemistry, Eötvös University, Budapest. We also thank
Hilary Downes for improving the English and scientific
quality of the paper. The Lithosphere Fluid Research
Lab group members are acknowledged for their help
throughout the whole project. This work was partially
supported by the Hungarian National Scientific Foun-
dation (OTKA; credit T043686) to C. Szabó.

This is the No 29 Lithosphere Fluid Research Lab
publication.

References

Baker, M.B., Hirschmann, M.M., Ghiorso, M.S., Stolper, E.M., 1995.
Compositions of near-solidus peridotite melts from experiments
and thermodynamic calculations. Nature 375, 308–311.

Bali, E., Szabó, Cs., Vaselli, O., Török, K., 2002. Significance of
silicate melt pockets in upper mantle xenoliths from the Bakony–
Balaton Highland Volcanic Field, Western Hungary. Lithos 61,
79–102.

Balogh, K., Árva-Sós, E., Pécskay, Z., Ravasz-Baranyai, L., 1986. K/
Ar dating of Post-Sarmatian alkali basaltic rocks in Hungary. Acta
Mineralogica-Petrographica, Szeged 28, 75–84.

Balogh, K., Ebner, F., Ravasz, Cs., with contribution by Herrmann, P.,
Lobitzer, H., Solti, G., 1994. K/Ar Alter tertiare Vulkanite der
südstlichen Steiermark und südlichen Burgenlands. In: Jubilaums-
chrift 20 Jahre geologische Zusammenarbeit Österreich-Ungarn,
Lobitzer, H., Császár, G., Daurer, A., (Eds), Geologische Bunde-
sanstalt 2, 55–72.

Brey, G.P., Köhler, T.P., 1990. Geothermobarometry in four phase
lherzolites II. New thermobarometers and practical assessment of
existing thermobarometers. Journal of Petrology 31, 1353–1378.

Bussod, G.Y., Christie, J.M., 1991. Textural development and melt
topology in spinel lherzolite experimentally deformed at hyperso-
lidus conditions. Journal of Petrology Special Lherzolite Issue
17–39.

Carter, N.L., Avé Lallemant, H.G., 1970. High temperature flow of
dunite and peridotite. Bulletin of the Geological Societ of America
81, 2181–2202.

Cavazza, W., Roure, F., Spakman, W., Stampfli, G.M., Ziegler, P.A.,
2004. The TRANSMED Atlas— The Mediterranean Region from
Crust to Mantle. Springer, Berlin Heidelberg.

Csontos, L., 1995. Tertiary tectonic evolution of the Intra-Carpathian
area: a review. Acta Vulcanologica 7 (2), 1–13.

Dalton, J.A., Wood, B.J., 1993. The partitioning of Fe and Mg
between olivine and carbonate and the stability of carbonate
under mantle conditions. Contributions to Mineralogy and Petro-
logy 114, 501–509.

De Kloe, P.A., 2001. Deformation mechanisms and melt nano-struc-
tures in experimentally deformed olivine–orthopyroxene rocks
with low melt fractions. Geologica Ultraiectina 201.

Dijkstra, A.H., 2001. Deformation and melt in natural mantle rocks:
the Hilti massif (Oman) and the Othris massif (Greece). Geologica
Ultraiectina 164.

Dijkstra, A.H., Drury, M.R., Vissers, R.L.M., Newman, J., 2002. On
the role of melt–rock reaction in mantle shear zone formation in
the Othris Peridotite Massif (Greece). Journal of Structural Geo-
logy 24, 1431–1450.

Dobosi, G., 2003. Geochemistry of the Upper Mantle and Lower Crust
Based on the Analysis of Mafic Volcanites and their Xenoliths —
Primarily on the Example of the Carpathian Basin. Hungarian
Academy of Sciences, p. 294.

Dobosi, G., Kurat, G., Jenner, G.A., Brandstätter, F., 1999. Cryptic
metasomatism in the upper mantle beneath Southeastern Austria: a
Laser Ablation Microprobe-ICP-MS study. Mineralogy and Petro-
logy 67, 143–161.

Downes, H., 2001. Formation and modification of the shallow sub-
continental lithospheric mantle: a review of geochemical evidence
from ultramafic xenolith suites and tectonically emplaced ultra-
mafic massifs of western and central Europe. Journal of Petrology
42, 233–250.

Downes, H., Vaselli, O., 1995. The lithosphereic mantle beneath the
Carparthian–Pannonian Region: a review of trace element and
isotopic evidence from ultramafic xenoliths. Acta Vulcanologica 7
(2), 219–231.

Downes, H., Embey-Isztin, A., Thirlwall, M.F., 1992. Petrology and
geochemistry of spinel peridotite xenoliths from the western Pan-
nonian Basin (Hungary): evidence for an association between
enrichment and texture in the upper mantle. Contributions to
Mineralogy and Petrology 109, 340–354.

Droop, G.T.R., 1987. A general equation for estimating Fe3+ concen-
trations in ferromagnesian silicates and oxides from microprobe
analyses, using stoichiometric criteria. Mineralogical Magazine
51, 431–435.

Embey-Isztin, A., 1984. Texture types and their relative frequencies in
ultramafic and mafic xenoliths in alkali basalts and implications for
magmatic processes within the mantle. Annales Hist. Nat. Mus.
Hung., vol. 70, pp. 27–44.

Embey-Isztin, A., Dobosi, G., 1995. Source mantle characteristics
beneath the Carpathian–Pannonian Region: a review of trace ele-
ment and isotopic evidence from Pliocene to Quaternary alkali
basalts. Acta Vulcanologica 7 (2), 155–166.

Embey-Isztin, A., Scharbert, H.G., Dietrich, H., Poultidis, H., 1989.
Petrology and geochemistry of peridotite xenoliths in alkali basalts
from the Transdanubian Volcanic Region, West Hungary. Journal
of Petrology 30, 79–105.

Embey-Isztin, A., Dobosi, G., Altherr, R., Meyer, H.-P., 2001. Thermal
evolution of the lithosphere beneath the western Pannonian Basin:
evidence from deep-seated xenoliths. Tectonophysics 331, 285–306.

Falus, Gy., 2004. Microstructural Analysis of Upper Mantle Peri-
dotites: Their Application in Understanding Mantle Processes
During the Formation of the Intra-Carpathian Basin. Eötvös
University, Budapest, p. 163.

Falus, Gy., Szabó, Cs., Vaselli, O., 2000. Mantle upwelling within the
Pannonian Basin: evidence from xenolith lithology and mineral
chemistry. Terra Nova 12, 295–302.

Falus, Gy., Drury, M.R., van Roermund, H.L.M., Szabo, Cs.,
2004. Magmatism related localized deformation in the mantle:



246 G. Falus et al. / Lithos 94 (2007) 230–247
a case study. Contributions to Mineralogy and Petrology 146,
493–505.

Fodor, L., Csontos, L., Bada, G., Györfi, I., Benkovics, L., 1999.
Tertiary tectonic evolution of the Pannonian Basin and neighbour-
ing orogens: a new synthesis of paleostress data. In: Durand, B.,
Jolivet, L., Hortváth, F., Séranne, M. (Eds.), The Mediterranean
Basins: Tertiary Extension within the Alpine Orogen. Geological
Society, London Special Publication, vol. 156, pp. 295–334.

Glaser, S.M., Foley, S.F., Günther, D., 1999. Trace element compositions
of minerals in garnet and spinel peridotite xenoliths from the Vitim
volcanic field, Transbaikalia, eastern Siberia. Lithos 48, 263–285.

Green, D.H., Falloon, T.J., Eggins, S.M., Yaxley, G.M., 1999. Primary
magmas and mantle temperatures. European Journal of Mineral-
ogy 13, 437–451.

Guenther, D., Frischknecht, R., Heinrich, C.A., Kahlert, H.J., 1997.
Capabilities of an Argon Fluoride 193 nm excimer laser for laser
ablation inductively coupled plasma mass spectrometry micro-
analysis of geological materials. Journal of Analytical Atomic
Spectrometry 12, 939–944.

Halter, W.E., Pettke, T., Heinrich, C.A., Rothen-Rutishauser, B., 2002.
Major to trace element analysis of melt inclusions by laserablation
ICP-MS: methods of quantification. Chemical Geology 183, 63–86.

Halter, W.E., Heinrich, C.A., Pettke, T., 2004. Laser-ablation ICP-MS
analysis of silicate and sulfide melt inclusions in an andesitic
complex II: evidence for magma mixing and magma chamber
evolution. Contributions toMineralogy and Petrology 147, 397–412.

Hirschmann, M.M., Baker, M.B., Stolper, E.M., 1998. The effect of
alkalis on the silica content of mantle-derived melts. Geochimica et
Cosmochimica Acta 62, 883–902.

Horváth, F., 1993. Towards a mechanical model for the formation of
the Pannonian basin. Tectonophysics 226, 333–357.

Johnson, K.T.M., 1994. Experimental cpx/ and garnet/melt partition-
ing of REE and other trace elements at high pressures; petrogenetic
implications. Mineralogical Magazine 58, 454–455.

Kázmér, M., Kovács, S., 1985. Permian–Paleogene paleogeography
along the eastern part of the Insubric–Periadriatic lineament sys-
tem: evidence for the continental escape of the Bakony–Drauzug
unit. Acta Geologica Hungarica 28, 71–84.

Kempton, P.D., Lopez-Escobar, L., Hawkesworth, C.J., Pearson, D.G.,
Wright, D.W., Ware, A.J., 1999. Spinel ± garnet lherzolite xe-
noliths from Pali Aike, Part 2: trace element and isotopic evi-
dence bearing on the evolution of lithospheric mantle beneath
southern Patagonia. In: Gurney, J.J., Gurney, J.L., Pascoe, M.D.,
Richardson, S.H. (Eds.), Proceedings of the 7th International
Kimberlite Conference. National Book Printers, Goodwood,
S. Africa, pp. 415–428.

Kurat, G., Embey-Isztin, A., Karcher, A., Scharbert, H., 1991. The
upper mantle beneath Kapfenstein and the Transdanubian Volcanic
Region, E-Austria and W Hungary: a comparison. Mineralogy and
Petrology 44, 21–38.

Lankreijer, A., Mocanu, V., Cloetingh, S., 1997. Lateral variations in
lithosphere strength in the Romanian Carpathians: constraints on
basin evolution. In: Neubauer, F., Cloetingh, S., Dinu, C., Mocanu,
V. (Eds.), Tectonics of the Alpine–Carpathian–Pannonian Region,
II. Tectonophysics, vol. 272, pp. 269–290.

Lenkey, L., 1999. Geothermics of the Pannonian Basin and its
Bearing on the Tectonics of Basin Evolution Amsterdam Vrije
Univ. 215 pp.

Luhr, J.F., Aranda Gomez, J.J., 1997. Mexican peridotite xenoliths and
tectonic terranes: correlations among vent location, texture, tem-
perature, pressure, and oxygen fugacity. Journal of Petrology 38,
1075–1112.
McDonough, W.F., Sun, S.-S., 1995. Composition of the Earth. Che-
mical Geology 120, 223–253.

Medaris, L.G., Fournelle, J.H., Wang, H.F., Jelinek, E., 1997. Ther-
mobarometry and reconstructed chemical compositions of spinel–
pyroxene symplectites: evidence for pre-existing garnet in lher-
zolite xenolith from Czech Neogene lavas. Russian Geology and
Geophysics 38, 277–286.

Mercier, J.-C.C., Nicolas, A., 1975. Textures and fabrics of upper-
mantle peridotites as illustrated by xenoliths from basalts. Journal
of Petrology 6, 454–487.

Morishita, T., Arai, S., 2003. Evolution of spinel–pyroxene symplec-
tite in spinel lherzolites from the Horoman Complex, Japan. Con-
tributions to Mineralogy and Petrology 144, 509–522.

Nicolas, A., Lucazeau, F., Bayer, R., 1987. Peridotite xenoliths in
Massif Central basalts, France: textural and geophysical evidence
for asthenospheric diapirism. In: Nixon, P.H. (Ed.), Mantle Xeno-
liths. John Wiley & Sons, Chichester, pp. 563–574.

O'Neill, H.St.C., 1981. The transition between spinel lherzolite and
garnet Iherzolite, and its use as a geobarometer. Contributions to
Mineralogy and Petrology 77, 185–194.

Ozawa, K., Takahashi, N., 1995. P–T history of a mantle diapir: the
Horoman Peridotite Complex, Hokkaido, northern Japan. Con-
tributions to Mineralogy and Petrology 120, 223–248.

Posgay, K., Bodoki, T., Hegedûs, E., Kovácsvölgyi, S., Lenkey, L.,
Szafián, P., Takács, E., Tímár, Z., Varga, G., 1995. Asthenospheric
structure beneath a Neogen Basin in southeast Hungary. Interplay
of Extension and Compression in Basin Formation. Tectonophy-
sics, vol. 252, pp. 467–484.

Royden, L.H., Horváth, F., Nagymarosy, A., Stegena, L., 1983. Evo-
lution of the Pannonian Basin: 2. Subsidence and thermal history.
Tectonics 2, 91–137.

Schmid, S.M., Fuegenschuh, B., Kissling, E., Schuster, R., 2004.
TRANSMED Transect IV. In: Cavazza, W., Roure, F., Spakman,
W., Stampfli, G.M., Ziegler, P.A. (Eds.), The TRANSMEDAtlas –
The Mediterranean Region from Crust to Mantle. Springer, Berlin
Heidelberg.

Schwandt, C.S., McKay, G.A., 1998. Rare earth element partition
coefficients from enstatite/melt synthesis experiments. Geochimica
et Cosmochimca Acta 62, 2845–2848.

Seghedi, I., Downes, H., Szakacs, A., Mason, P.R.D., Thirlwall,
M.F., Rosu, E., Pecskay, Z., Marton, E., Panaiotu, C., 2004.
Neogene–Quaternary magmatism and geodynamics in the
Carpathian–Pannonian region: a synthesis. Lithos 72 (3–4),
117–146.

Smith, D., 1976. The origin and interpretation of spinel–pyroxene
clusters in peridotite. Journal of Geology 85, 476–482.

Szabó, Cs., Taylor, L.A., 1994. Mantle petrology and geochemistry
beneath Nógrád-Gömör Volcanic Field, Carpathian–Pannonian
Region. International Geological Review 36, 328–358.

Szabó, Cs., Harangi, Sz., Vaselli, O., Downes, H., 1995a. Temperature
and oxygen fugacity in peridotite xenoliths from the Carpathian–
Pannonian Region. Acta Vulcanologica 7 (2), 231–239.

Szabó, Cs., Vaselli, O., Vanucci, R., Bottazzi, P., Ottolini, L., Cora-
dossi, N., Kubovics, I., 1995b. Ultramafic xenoliths from the Little
Hungarian Plain (Western Hungary): a petrologic and geochemical
study. Acta Vulcanologica 7 (2), 249–263.

Szabó, Cs., Falus, Gy., Zajacz, Z., Kovács, I., Bali, E., 2004. Com-
position and evolution of lithosphere beneath the Carpathian–
Pannonian Region: a review. Tectonophysics 393, 119–137.

Takahashi, N., 1997. Melt segregation processes observed in the Ho-
roman mantle diapir (in Japanese with English abstract). Memoires
of the Geological Society of Japan 47, 87–105.



247G. Falus et al. / Lithos 94 (2007) 230–247
Takazawa, E., Frey, F.A., Shimizu, N., Obata, M., 1996. Evolution of
the Horoman Peridotite Complex (Hokkaido, Japan): implications
from pyroxene compositions. Chemical Geology 134, 3–26.

Tari, G., Báldi, T., Báldi-Beke, M., 1993. Paleogene retroarc flexural
basin beneath the Neogene Pannonian Basin: a geodynamic model.
Tectonophysics 226, 433–455.

Tommasi, A., Mainprice, D., Canova, G., Chastel, Y., 2000. Viscoplastic
self-consistent and equilibrium-based modeling of olivine lattice
preferred orientations. Implications for the upper mantle seismic
anisotropy. Journal of Geophysical Research 105, 7893–7908.

Van Achterbergh, E., Griffin, W.L., Shee, S.R., Wyatt, B.A., Sharma,
A.L., 1998. Natural trace element distribution coefficients for
garnet, clino- and orthopyroxene: variations with temperature and
pressure. Proceedings of the 7th International Kimberlite Confer-
ence. Cape Town, p. 113. April.

Van der Wal, D., 1993. Deformation processes in mantle peridotites:
with emphasis on the Ronda peridotite of SW Spain. Univ. Geolo-
gica Ultraectina, p. 180.
Van Der Wal, D., Vissers, R.L.M., 1996. Structural petrology of the
Ronda peridotite, SW Spain: deformation history. Journal of Pet-
rology 37, 23–43.

Vaselli, O., Downes, H., Thirlwall, M., Dobosi, G., Coradossi, N.,
Seghedi, I., Szakacs, A., Vannucci, R., 1995. Ultramafic xenoliths
in Plio-Pleistocene alkali basalts from the Eastern Transylvanian
Basin: depleted mantle enriched by vein metasomatism. Journal of
Petrology 36, 23–53.

Vaselli, O., Downes, H., Thirlwall, M.F., Vannucci, R., Coradossi, N.,
1996. Spinel–peridotite xenoliths from Kapfenstein, (Graz Basin,
Eastern Austria): a geochemical and petrological study. Mineral-
ogy and Petrology 57, 23–50.

Zhang, S., Karato, S., FitzGerald, J.D., Faul, U.H., Zhou, Y., 2000.
Simple shear deformation of olivine aggregates. Tectonophysics
316, 133–152.


	Symplectite in spinel lherzolite xenoliths from the Little Hungarian Plain, Western Hungary: A .....
	Introduction
	Geological background
	Sampling and petrography
	Fabric analysis
	Geochemistry
	Major element geochemistry
	Mineral phases

	Calculated bulk symplectite and garnet
	Trace element geochemistry
	Physico-chemical evolution of the symplectite-bearing mantle domains
	Pressure–temperature-rheology
	Geochemistry

	Conclusions
	Acknowledgement
	References


