
67

Harangi, S., and Lenkey, L., 2007, Genesis of the Neogene to Quaternary volcanism in the Carpathian-Pannonian region: Role of subduction, extension, and mantle 
plume, in Beccaluva, L., Bianchini, G., and Wilson, M., eds., Cenozoic Volcanism in the Mediterranean Area: Geological Society of America Special Paper 418, 
p. 67–92, doi: 10.1130/2007.2418(04). For permission to copy, contact editing@geosociety.org. ©2007 Geological Society of America. All rights reserved.

Geological Society of America
Special Paper 418

2007

Genesis of the Neogene to Quaternary volcanism in the Carpathian-
Pannonian region: Role of subduction, extension, and mantle plume

Szabolcs Harangi*
Department of Petrology and Geochemistry, Eötvös University, H-1117 Budapest, Pázmány Péter sétány 1/C, Hungary

László Lenkey
Hungarian Academy of Sciences, Research Group of Geophysics and Environmental Physics, 

1117 Bp., Pázmány Péter sétány 1/C, Hungary

ABSTRACT

Neogene to Quaternary volcanism of the Carpathian-Pannonian region is part of 
the extensive volcanic activity in the Mediterranean and surrounding regions. Using 
the spatial and temporal distribution of the magmatic rocks, their major- and trace-
element features, and Sr-Nd-Pb isotope characteristics, we suggest that lithospheric 
extension in the Pannonian Basin had a major role in the generation of the magmas. 
Dehydration of subducting slab should have resulted in thorough metasomatism in 
the mantle wedge during Cretaceous to early Miocene that would have lowered the 
melting temperature, therefore playing an indirect role in the generation of magmas 
later on. Mixing between mantle-derived magmas and lower-crustal melts was an 
important process at the fi rst stage of the silicic and calc-alkaline magmatism in the 
Northern Pannonian Basin. However, the crustal component gradually decreased 
with time, which is consistent with magmatic activity in a continuously thinning con-
tinental plate. Calc-alkaline volcanism along the Eastern Carpathians was mostly 
postcollisional and could have been related to slab break-off processes. However, the 
fairly young (<1.5 Ma) potassic magmatism at the southeasternmost segment of the 
Carpathian volcanic arc could be explained by lithospheric delamination under the 
Vrancea zone. Alkaline basaltic volcanism began at the end of rifting of the Pan-
nonian Basin (11 Ma) and continued until recently. We suggest that a mantle plume 
beneath the Pannonian Basin is highly unlikely and the mafi c magmas were formed 
by small degree partial melting in a heterogeneous asthenospheric mantle, which has 
been close to the solidus temperature due to the lithospheric extension in the Miocene. 
Magmatism appears to have been in a waning phase for the last 2 m.y., but recent 
volcanic eruptions (<200 k.y.) indicate that future volcanic activity cannot be unam-
biguously ruled out.
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region.
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INTRODUCTION

Widespread magmatism developed in the Mediterranean and 
surrounding regions during the Neogene to Quaternary (Wilson 
and Downes, 1991; Wilson and Bianchini, 1999; Lustrino, 2000; 
Wilson and Patterson, 2001; Harangi et al., 2006). A large variation 
of magmatic rocks was produced that can be roughly divided into 
orogenic (calc-alkaline, potassic, and ultrapotassic) and anoro-
genic (alkaline sodic) types. At the periphery of the Mediterranean 
region, mostly alkaline mafi c rocks occur, with minor amounts 
of differentiated rocks, whereas within the Mediterranean region, 
calc-alkaline and potassic-ultrapotassic rocks predominate, with 
sporadic tholeiitic and alkaline sodic rocks. Interpretations of the 
origin of this wide range of magmas are usually controversial and 
they involve contrasting tectonic processes, such as subduction, 
subducted slab detachment, or slab break-off, lithospheric exten-
sion, and mantle plume upwelling (Wilson and Bianchini, 1999; 
Peccerillo, 2005; Harangi et al., 2006).

Volcanism is still active in the Central Mediterranean, 
whereas in the other areas, the last volcanic eruptions took place 
within a few tens or hundreds of thousands of years. In order to 
evaluate the possible renewal of volcanic activity of these latter 
areas, it is crucial to identify the tectonic controls on magma-
tism, i.e., the cause of melt generation. The relative roles of plate 
tectonic processes (subduction or extension) versus deep mantle 
processes (i.e., mantle plume upwelling) in melt generation are 
still unclear.

The Carpathian-Pannonian region is considered to be a typi-
cal Mediterranean area characterized by arcuate, retreating sub-
duction, formation of extensional basins within the orogen, and 
a wide range of erupted magmas in the last 20 m.y. ( Horváth and 
Berckhemer, 1982; Csontos et al., 1992; Szabó et al., 1992; Lexa 
and Konečný, 1998; Kovač et al., 1998; Seghedi et al., 1998, 
2004a, 2005; Fodor et al., 1999; Tari et al., 1999; Harangi, 2001a; 
Konečný et al., 2002). On the other hand, it shows many similari-
ties with the circum-Mediterranean alkaline mafi c volcanic fi elds 
(Wilson and Downes, 1991; Embey-Isztin et al., 1993), and, thus, 
a mantle plume fi nger has been supposed by some authors to exist 
beneath the Pannonian Basin (Embey-Isztin and Dobosi, 1995; 
Wilson and Patterson, 2001; Seghedi et al., 2004b). In this paper, 
we discuss the origin of the Neogene to Quaternary magmatism 
in the Carpathian-Pannonian region, especially melt generation 
processes and the possible role of subduction, lithospheric exten-
sion, and mantle plume processes.

GEODYNAMIC SETTING

The Carpathian-Pannonian region is located in the north-
eastern part of the Alpine-Mediterranean region (Fig. 1), in east-
ern Central Europe, and is characterized by an arcuate orogenic 
belt (Carpathians) with a basin area behind it (the Pannonian 
Basin) that has thin lithosphere (50–80 km) and crust (22–30 km) 
coupled with high heat fl ow (>80 mW/m2; Csontos et al., 1992; 
Fodor et al., 1999; Tari et al., 1999; Bada and Horváth, 2001; 

Lenkey et al., 2002). The intra-Carpathian region is composed 
of two major crustal blocks (or microplates; Fig. 2A): the North 
Pannonian block (or Alcapa) to the north and the Tisza block (or 
Tisia-Dacia) in the south (Balla, 1986; Csontos et al., 1992).

Following the Eocene continent-continent collision in the 
Alpine region, S-SW–dipping subduction continued in the east 
(Carpathian subduction zone) during the Neogene, where an 
oceanic embayment was present (Csontos et al., 1992; Nemčok 
et al., 1998; Fodor et al., 1999). This weak lateral boundary could 
have enabled the eastward lateral extrusion of a crustal block 
(North Pannonian block; Balla, 1988) from the compressive 
Alpine regime during the early Miocene (Ratschbacher et al., 
1991). The eastward translation was accompanied by two major 
counterclockwise rotational events at 18–17 Ma and 16–14.5 Ma 
(Márton and Fodor, 2003). Contemporaneously, the Tisza block 
underwent opposite-sense rotation (Patrascu et al., 1990, 1994; 
Csontos, 1995).

The advancing subduction style changed to a retreating one 
during the early Miocene (Royden, 1993). Retreat of the subduc-
tion zone beneath the Carpathians is considered to have been the 
main driving force for the lateral movement of the North Pan-
nonian block toward the northeast. Behind the subduction zone, 
backarc extension occurred in the whole Pannonian area during 
the middle Miocene (Royden et al., 1982; Horváth, 1993). In 
addition, Tari et al. (1999) defi ned an initial core-complex style 
extension during the early Miocene. Huismans et al. (2001) dis-
tinguished two main rifting events: a middle Miocene passive 
rifting followed by a late Miocene active rifting event. The syn-
rift phase (17–12 Ma; Horváth, 1995) was followed by postrift 
thermal subsidence, when several thousands of meters of late 
Miocene to Quaternary sediments fi lled parts of the basin areas.

At the northern boundary of the region, “soft” collision 
( Sperner et al., 2002) of the North Pannonian block with the 
European continent occurred during the Badenian (ca. 13–
15 Ma; Jiříček, 1979), whereas subduction was still active along 
the East Carpathians. Active subduction ceased beneath the East 
Car pathians during the late Miocene (ca. 10–11 Ma), which 
was then followed by continental collision. Postcollisional slab 
break-off is considered to have occurred gradually from west to 
east-southeast  in a zipper-like process (Tomek and Hall, 1993; 
Mason et al., 1998; Seghedi et al., 1998; Wortel and Spakman, 
2000; Sperner et al., 2002). Slab break-off is now thought to be 
in its fi nal stages beneath the southern part of the Eastern Car-
pathians (Vrancea zone Fig. 2B), where a near-vertical subducted 
slab causes intermediate depth seismicity (Oncescu et al., 1984; 
Oncescu and Bonjer, 1997; Sperner et al., 2001). Seismic tomo-
graphic and gravity modeling indicate that this slab is still hanging 
(Fan et al., 1998; Wenzel et al., 1998, 2002; Sperner et al., 2001, 
2004). The present-day situation has been explained by various 
models involving subduction break-off (e.g., Mason et al., 1998), 
subduction rollback followed by horizontal lithospheric delami-
nation (e.g., Doglioni, 1993; Gîrbacea and Frisch, 1998; Gvirtz-
man, 2002), and active continental lithospheric delamination 
without subduction (e.g., Knapp et al., 2005).
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Tectonic inversion has characterized the Pannonian Basin 
since the late Pliocene due to the push of the Adriatic plate from 
southwest and blocking by the East European platform in the east 
(Horváth and Cloething, 1996).

This complex geodynamic evolution was accompanied 
by the formation of a wide range of magmatic rock types over 
the last 20 m.y. (Figs. 2A and 3; Szabó et al., 1992; Lexa and 
Konečný, 1998; Harangi, 2001a; Seghedi et al., 2004a). The vol-
canic rocks can be divided into the following main groups based 
on their geochemistry (Harangi, 2001a): (1) Miocene (21–13 Ma) 
silicic pyroclastic (mostly ignimbrite) suite; (2) middle Miocene 
to Quaternary (16.5–2 Ma) calc-alkaline volcanic rocks; (3) 
Miocene to Quaternary (15–0.02 Ma) potassic and ultrapotassic 
rocks; and (4) late Miocene to Quaternary (11–0.2 Ma) alkaline 
sodic volcanic rocks. Note that this division is slightly different 
from that of Seghedi et al. (2004a), who considered the silicic 
volcanic suite to be part of the calc-alkaline group. In our group-
ing, we separate the silicic volcanic suite because these rocks con-
sist predominantly of SiO

2
-rich (>70 wt%) pumices (with only a 

minor amount of andesitic lithic clasts) and they do not overlap 
spatially with the typical calc-alkaline stratovolcanic complexes. 
These silicic volcanic rocks have a transitional peraluminous to 
metaluminous character (Harangi et al., 2005).

GEOCHEMICAL CHARACTERISTICS

Detailed summaries of the geochemical features of the Neo-
gene to Quaternary volcanic rocks of the Carpathian-Pannonian  
region can be found in Harangi (2001a) and Seghedi et al. 
(2004a, 2004b, 2005). Here, we outline only the most impor-
tant characteristics. Tables 1 and 2 show representative chemi-
cal composition of various volcanic rocks of the  Carpathian-
Pannonian  region.

Major- and Trace-Element Data

The major-element composition of the Neogene to Qua-
ternary volcanic rocks from the Carpathian-Pannonian region 
shows a wide variation in the SiO

2
 versus Na

2
O + K

2
O diagram 

(Fig. 4). The Miocene Si-rich suite includes only pyroclastic 
rocks (ignimbrite and less pyroclastic fall deposits) and has a 
bimodal composition with a gap at 66–70 wt% SiO

2
. The pum-

ices are exclusively rhyolites, whereas the cognate lithic clasts 
and the subordinate scoriae have a basaltic andesitic to rhyolitic 
composition. This compositional variation overlaps that of the 
Miocene to Quaternary calc-alkaline suite (Fig. 4). In the calc-
alkaline  vol canic series, andesites and dacites dominate, with 
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Figure 1. Simplifi ed map for the distribution of Tertiary to Quaternary volcanic rocks in central and southern Europe and the location of the 
Carpathian-Pannonian region (CPR). The thick line delineates the area underlain by high seismic velocity at the transitional zone, based on 
Piromallo and Morelli (2003).
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lesser amounts of basalts, basaltic andesites, and rhyolites. The 
calc-alkaline mafi c rocks (SiO

2
 = 49–57 wt%; MgO > 3 wt%) 

have Mg-numbers  ( = Mg/Mg + Fe2+) of 0.5–0.6, suggesting 
variable degrees of crystal fractionation. Slight compositional 
differences can be recognized between the western and eastern 
segments of the Carpathian volcanic chain. The calc-alkaline 
vol canic suites from the western segment belong mostly to the 
high-K series, whereas those from the eastern segment show a 
larger variation in the K

2
O content (from low-K tholeiites to sho-

shonites; Mason et al., 1996). The sporadic potassic and ultrapo-
tassic rocks are mostly silica-saturated shoshonites and high-K 
dacites, whereas there is only a single silica-undersaturated  
occurrence in the Carpathian-Pannonian region, an olivine-
leucitite in the southern Pannonian Basin (Bár; Fig. 2B herein; 
Harangi et al., 1995b; recently another leucitite occurrence has 
been recognized from the southern Pannonian Basin, Seghedi, 
2005, personal  commun.). The olivine-leucitite has a Mg-number  
of 0.7, suggesting a near-primitive composition, whereas the 
 others underwent variable olivine + clinopyroxene fractionation. 
The last volcanic eruption in the Carpathian-Pannonian region 

(St. Anna eruption in the Ciomadul volcano of the southeast 
Carpathians at 10–30 ka; Szakács et al., 1993) produced high-K 
dacite pumices. This was preceded by lava dome eruptions with 
the same magma composition from 0.9 Ma to 0.5 Ma and by the 
formation of shoshonitic bodies at 1.5 Ma (Mason et al., 1996). 
We classifi ed both rock types into the potassic group. The late 
Miocene to Quaternary alkaline suite consists mostly of mafi c 
rocks (nephelinites, basanites, alkali basalts, and trachybasalts; 
Embey-Isztin  et al., 1993; Seghedi et al., 2004b). However, a 
thick, 11–12 Ma trachy andesite to alkaline trachyte volcanic 
complex with minor alkali basalts has been found in the Little 
Hungarian Plain (Fig. 2B), eastern Pannonian Basin, beneath 
2000-m-thick sediments (Harangi et al., 1995a; Harangi, 2001b). 
The Mg-number  of the mafi c rocks varies between 0.56 and 0.76, 
but it is mostly between 0.63 and 0.68. This suggests that most 
of them underwent only minor olivine and ± clinopyroxene frac-
tionation, and compositions of the basaltic rocks are close to the 
primary magmas. Mantle-derived ultramafi c and lower-crustal 
granulite xenoliths are common in these rocks (Embey-Isztin 
et al., 2003; Szabó et al., 2004, and references therein).
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Figure 2 (on this and following page). (A) Distribution of the Neogene to Quaternary volcanic rocks in the Carpathian-Pannonian region.
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Trace-element characteristics of the Carpathian-Pannonian 
region volcanic rocks are summarized on primitive  mantle–
normalized  (McDonough and Sun, 1995) diagrams (Fig. 5). 
The majority of them show trace-element patterns with variable 
enrichment in the large ion lithophile elements (LILE) and Pb, 
and depletion in Nb, which are typical of subduction-related 
rocks. The trace-element composition of the rhyolitic pumices 
shows some variation, mostly in the rare earth elements (REE) 
and Zr, which was used to distinguish major eruptional units in 
the area (Harangi et al., 2005). The cognate lithoclasts and the 
scoriae have trace-element patterns akin to the calc-alkaline 
andesites. The calc-alkaline andesites and dacites have very simi-
lar composition throughout the Carpathian arc, although those 
found in the western segment of the arc (northern Pannonian 
Basin) are slightly more enriched in incompatible trace elements 
at the same SiO

2
 content than those from the East Carpathians 

(Fig. 5C). The calc-alkaline andesites of the Apuseni Mountains 
(Seghedi et al., 2004a) resemble those of the Carpathian arc; 
however, they have highly variable, and often relatively high, 
Ba concentrations. The late-stage (9–10 Ma) basalts and basaltic 

andesites from the northern Pannonian Basin differ signifi cantly 
from the older calc-alkaline  volcanic products. They show much 
less or even no depletion in Nb (Fig. 5D), and they resemble the 
subsequent alkaline basaltic rocks. The potassic and ultrapotassic 
rocks display an extreme enrichment in incompatible trace ele-
ments, but they have depletion in the heavy REEs. The 2 Ma Bár 
leucitite shows remarkable similarity with the 1.6 Ma potassic 
trachy andesite of the south Apuseni Mountains (Uroiu; Seghedi 
et al., 2004a). These rocks have, however, different composi-
tions compared with the Oligocene and Pliocene ultrapotassic 
rocks from the Dinarides (Fig. 5E; Prelevic et al., 2001, 2005; 
Cvetkovic et al., 2004) and show signifi cantly higher primitive 
mantle–normalized  Ba/Rb and La/Yb ratios. The high-K dacites 
of the Ciomadul volcano have similar compositional features 
to the other potassic and ultrapotassic rocks of the  Carpathian-
Pannonian  region, i.e., strong enrichment in Ba (primitive 
 mantle–normalized Ba/Rb > 1) and depletion in the heavy REEs 
(Fig. 5F). The trace-element composition of the alkaline mafi c 
rocks resembles the intraplate magmas and that of the Neogene 
to Quaternary alkaline mafi c rocks in Western and Central Europe 
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(Wilson and Downes, 1991). Seghedi et al. (2004b) separated 
several groups (more than 10) of alkaline basalts based on their 
age and compositions. However, we distinguish here only two 
main compositional groups without regard for their age: the fi rst 
one is characterized by stronger enrichment in incompatible trace 
elements and a typical negative K anomaly, whereas the second 
one has smoother trace-element patterns.

Isotope Compositions

The Sr and Nd isotopic composition of the Carpathian-
Pannonian  region volcanic rocks (Table 2) follows a fairly narrow 
trend from the depleted quadrant of the Sr-Nd diagram toward 
the enriched segment (Fig. 6), which is similar to that shown by 
Central Mediterranean volcanic rocks (Peccerillo, 2003). All of 
the alkaline mafi c rocks fall into the depleted isotopic fi eld, such 
as the majority of Neogene to Quaternary alkaline mafi c rocks 
in Western and Central Europe (Wilson and Downes, 1991; Wil-
son and Patterson, 2001). The most-depleted end member of this 
variation trend is a mixture of HIMU (high-μ mantle) and DMM 

(depleted mid-ocean-ridge-basalt [MORB] mantle). The largest 
Sr-Nd isotopic variation is shown by the calc-alkaline volcanic 
rocks. Some of them (e.g., Calimani, East Carpathians, and cen-
tral Slovakia, Western Carpathians) fall into the depleted quad-
rant of the diagram, but most of the samples follow a continuous 
trend in the enriched isotopic fi eld. The potassic-ultrapotassic  
rocks and the silicic volcanic suite overlap this isotopic trend. 
The Bár leucitite and the Apuseni potassic trachyandesite have 
lower initial 87Sr/86Sr and higher 143Nd/144Nd isotope ratios than 
the Neogene ultrapotassic rocks of the Dinarides (Cvetkovic 
et al., 2004). The Sr-Nd isotopic composition of the shoshonites 
and high-K dacites in the southeast Carpathians deviates from the 
calc-alkaline volcanic suites.

In the Pb-Pb isotopic diagrams (Fig. 6), the alkaline mafi c 
rocks show a much larger variation than the calc-alkaline rocks. 
Many of the samples have relatively high 207Pb/204Pb ratios, caus-
ing a vertical shift from the Northern Hemisphere reference 
line (NHRL). The highest 206Pb/204Pb ratio is shown by the old-
est alkaline basalts from the Pannonian Basin–Alpine transition 
zone (Burgenland; Fig. 2B). The calc-alkaline volcanic rocks 
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have much more restricted Pb-Pb isotope ratios. The shoshonites 
of the southeast Carpathians differ from the calc-alkaline suites 
and have lower 206Pb/204Pb ratios, while the Miocene rhyolitic 
pumices fall into the calc-alkaline fi eld.

DISCUSSION

The Carpathian-Pannonian region has had a complex tec-
tonic evolution over the last 20 m.y., involving lateral escape of 
a large tectonic block from the Alpine region, subduction, and 
lithospheric extension (Csontos et al., 1992; Kovač et al., 1998; 
Fodor et al., 1999). This geodynamic scenario was accompanied 
by eruption of a wide range of magmas. During the last decade, a 
large amount of geochemical data has been published; however, 
the relationship between the tectonic events and the magmatism 
is still controversial (e.g., Szabó et al., 1992; Lexa and Konečný, 
1998; Nemčok et al., 1998; Seghedi et al., 1998, 2004a, 2004b, 
2005; Harangi, 2001a; Konečný et al., 2002). A fundamental 
remaining question is what exact processes were responsible for 
melt generation at depth, particularly in the upper mantle.

One major cause of melting could be decompression of 
fertile mantle during upwelling. Lithospheric extension triggers 
melting in fairly shallow parts of the mantle, whereas upwelling 
of relatively hot mantle material could lead to partial melting at 

TABLE 2. REPRESENTATIVE ISOTOPE COMPOSITION OF THE NEOGENE TO QUATERNARY 
VOLCANIC ROCKS OF THE CARPATHIAN-PANNONIAN REGION 

Sample Series Reference 87Sr/86Sr (87Sr/86Sr)o

143Nd/144Nd 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb
N38E SVS 1 0.70920 0.70897 0.51227 N.D. N.D. N.D.
BK19 SVS 1 0.70736 0.70727 0.51242 N.D. N.D. N.D.
N3 SVS 1 0.71046 0.70979 0.51225 18.837 15.686 39.044
N9 SVS 1 0.70799 0.70734 0.51245 18.903 15.660 38.903
N22 SVS 1 0.70943 0.70787 0.51244 N.D. N.D. N.D.
B-7-1E SVS 2 0.71137 0.71085 0.51222 N.D. N.D. N.D.
B-3 CAV 1 0.70743 0.70734 0.51253 18.944 15.678 39.031
VH-PR1 CAV 1 0.70709 0.70702 0.51242 18.914 15.682 39.030
SK5 CAV 1 0.70478 0.70475 0.51268 19.186 15.676 39.178
SK8 CAV 1 0.70587 0.70583 0.51254 18.884 15.657 38.875
C4 CAV 2 0.70552 0.70550 0.51278 18.821 15.644 38.823
G1 CAV 3 0.70627 0.70625 0.51265 18.903 15.673 39.070
788 CAV 2 0.70440 0.70438 0.51269 N.D. N.D. N.D.
BM1/420.3 HK 5 0.70978 0.70943 0.51229 N.D. N.D. N.D.
bar HK 5 0.70503 0.70502 0.51259 N.D. N.D. N.D.
H3 HK 3 0.70464 0.70463 0.51263 18.574 15.66 38.785
H6 HK 3 0.70485 0.70484 0.51248 18.427 15.649 38.701
UR-3 HK 2 0.70444 0.70443 0.51268 N.D. N.D. N.D.
STK-210 AB 6 0.70349 0.70349 0.51287 19.191 15.611 39.018
ph1 AB 7 0.70370 0.70369 0.51279 N.D. N.D. N.D.
sh4 AB 7 0.70428 0.70427 0.51265 N.D. N.D. N.D.
hp1 AB 1 0.70424 0.70423 0.51270 N.D. N.D. N.D.
ajn AB 8 0.70324 0.70322 0.51290 N.D. N.D. N.D.
Brehy AB 8 0.70359 0.70359 0.51284 19.276 15.603 39.112
racos AB 9 0.70441 0.70441 0.51275 18.607 15.64 38.816
   Note: Details of the condition of analytical measurements can be found in the references listed in 
Table 1. N.D.—not determined. 
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greater depth. However, another important factor is the presence 
of volatiles, which decrease the melting temperature. Volatiles 
control melt generation beneath subduction zones, where dehy-
dration of the subducted slab results in thorough metasomatism of 
the mantle wedge (Gill, 1981; Pearce and Peate, 1995).  Volatile-
bearing peridotites also occur in the lower lithosphere, far from 
subduction zones, as revealed by amphibole- and  phlogopite-
bearing mantle xenoliths enclosed by alkali basalts. Thus, in a 
melt generation model related to the thinning of the continen-
tal lithosphere, the fi rst magmas are most readily generated by 
melting of the metasomatized parts of the lithospheric mantle, 
followed by melting of the more-depleted upwelling astheno-
sphere (Gallagher and Hawkesworth, 1992; Wilson, 1993). In 
the Carpathian-Pannonian region, both decompression melt-
ing and volatile-induced melting probably have played a role in 
magma generation over the last 20 m.y. Volcanic activity in this 
region continued until quite recently (<500 ka), suggesting that 
the conditions in the upper mantle could still enable magma pro-
duction in the future. Thus, it is important to identify where melt 
generation processes have taken place, what triggered melting, 
and whether further melting process leading to the renewal of the 
volcanic activity could be predicted. In the following section, we 
investigate how the main tectonic processes, such as subduction 
and extension, and active mantle plume upwelling, could infl u-
ence the magmatism in the Carpathian-Pannonian region.

Role of Subduction

Cretaceous to Neogene fl ysch sediments around the  present-
day Carpathians suggest that subduction in this area should start 
in the Late Cretaceous and continued during the Neogene (Hor-
váth and Royden, 1981; Sandulescu, 1988; Csontos et al., 1992). 
Approximately 260 km shortening is estimated to have occurred 
in the Outer Carpathians from the middle Oligocene to the middle 
Miocene (Roure et al., 1993; Behrmann et al., 2000), which was 
coeval with the extension of the Pannonian Basin (Royden et al., 
1983; Csontos et al., 1992). A major feature of the  Carpathian-
Pannonian region is an arcuate belt of calc-alkaline volcanic 
complexes composed mostly of andesites and dacites along the 
inner side of the thrusted Carpathians (Fig. 2A). The andesites 
and dacites show geochemical characteristics (increase of LILEs 
and Pb, depletion in Nb and Ti; Fig. 5C) typical of  subduction-
related magmas. Thus, the formation of the Carpathian volcanic 
arc has been commonly interpreted as a consequence of subduc-
tion process (Bleahu et al., 1973; Balla, 1981; Szabó et al., 1992; 
Downes et al., 1995a).

In present-day subduction zones, volcanic arcs develop 
roughly at ~110 km and ~170 km above the subducting slab, 

and the width of the volcanic arc is a function of the subduction 
angle (Tatsumi and Eggins, 1995; Tatsumi, 2005). The subducting 
 oceanic slab undergoes continuous metamorphism and dehydra-
tion. The aqueous fl uid phases released by dehydration reactions 
enter the lower part of the mantle wedge that is dragged down by 
the subducting plate and form hydrous phases such as amphibole 
and phlogopite (Pearce and Peate, 1995). Breakdown of these min-
erals at around 110 and 170 km depths results in fl uid fl ux into the 
overlying mantle wedge, which decreases the solidus and initiates 
partial melting. Due to the advancement of the precise measure-
ments of the short-lived U-series isotopes, it has been discovered 
that dehydration of the subducting slab, formation of magma in the 

Figure 5. Primitive mantle–normalized (McDonough and Sun, 1995) 
trace-element patterns of representative samples of the Neogene to 
Quaternary volcanic rocks of the Carpathian-Pannonian region. For 
references for the data, see Table 1. NPB—northern Pannonian Basin.
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mantle wedge, and volcanic eruption could take place in a rela-
tively short period, i.e., within a few tens of thousands of years 
(Elliott et al., 1997). This may indicate that addition of aqueous 
fl uids into the mantle wedge could trigger major melt generation 
(“fl ux melting”; Gill, 1981; Hawkesworth et al., 1993; Stolper 
and Newman, 1994; Iwamori, 1998). In addition, dehydration 
and melting of subducted sediments may also contribute to the 
formation of the arc magmas. The U-Th disequilibrium isotope 
data suggest that the time scale (from a few tens of thousands 
of year to >100 k.y.) of these processes depends on the subduc-
tion rate and/or on the composition of the subducted sediment 
(Sigmarsson et al., 1990; Gill et al., 1993; Elliott et al., 1997). In 
this context, one would expect that the Neogene calc-alkaline vol-
canism along the Carpathians took place contemporaneously with 
active subduction. The spatial distribution of the volcanic forma-
tions and the width of the vol canic complexes (Fig. 2A) suggest 
a relatively shallow subduction (30–40°) associated with the vol-
canism on the western segment of the Carpathian arc, whereas a 
relatively deep subduction (50–60°) to the east. However, there 
are notable problems with the classic subduction-related magma-
tism model when applied to this region: (1) the active subduction 
period as recorded in the fl ysch sediments (Paleogene to early 
Miocene) was not associated with arc vol canism; (2) the calc-
alkaline volcanic activity started when subduction of the oceanic 
plate ceased, as indicated by the fi nal shortening in the Outer Car-
pathians (Jiříček, 1979). Thus, this volcanism can be regarded as 
postcollisional (Seghedi et al., 1998). (3) Calc-alkaline volcanic 
rocks can be found also in the inner part of the Pannonian Basin, 
although they are mostly covered by a late Miocene to Quater-
nary sedimentary sequence (Pécskay et al., 1995a). (4) There 
is a gradual migration of the volcanism from NW to SE along 
the East Carpathians, accompanying a general decrease of the 
volume of the erupted magmas (Pécskay et al., 1995b; Szakács 
and Seghedi, 1995). (5) The calc-alkaline volcanic complexes in 
the northern part of the Pannonian Basin (Fig. 2A) are under-
lain by relatively thin crust and lithosphere (<30 km and <80 km, 
respectively; Tari et al., 1999), and, most notably, the fi rst erup-
tion occurred just coeval with the synrift phase of the Pannonian 
Basin. Lexa and Konečný (1974, 1998) classifi ed these volcanic 
rocks as “areal-type,” distinguishing them from the “arc-type” 
volcanic rocks in the East Carpathians.

The apparent time delay between the main period of shorten-
ing (i.e., active subduction of an oceanic plate) and the initiation 
of the volcanism in the East Carpathians was explained by Mason 
et al. (1998) as a consequence of subduction of a narrow (150–
200-km-wide) oceanic basin. In this case, the observed time gap 
could be consistent with the arrival of the oceanic lithosphere at 
a depth of ~100 km, where release of aqueous fl uids could result 
in melting in the mantle wedge. However, this would mean that 
subduction would have started only ~6 m.y. before the onset of 
the volcanism, which would appear to be too short a time, consid-
ering that active subduction took place throughout the Miocene 
and possibly from the Cretaceous (Sandulescu, 1988; Sperner 
et al., 2002). Thus, the fundamental question is: what triggered 

the arc-type magma generation at depth during and after the con-
tinental collision?

The volcanic arc can be subdivided into two parts: in the 
west (northern part of the Pannonian Basin), the stratovolcanic 
complexes are situated roughly perpendicular to the Carpathian 
orogenic belt, extending as far as 200–300 km from the assumed 
suture zone in the Outer Carpathians. The volcanism in the west 
commenced at 16.5 Ma, had a paroxysm between 15 and 13 Ma, 
and terminated at 9 Ma (Pécskay et al., 1995a). In contrast, the 
volcanoes in the east (from the Vihorlat to the Ciomadul, Fig. 2B; 
eastern part of the Carpathian-Pannonian region) are parallel with 
the Carpathians, extending only 50–100 km from the assumed 
suture zone; at the southeasternmost segment, they developed even 
on the accretionary wedge (Fig. 2A). The volcanic activity lasted 
from ca. 14 Ma until 0.02 Ma, with a gradual southward migra-
tion of the eruptions, and the individual volcanic complexes show 
relatively short-lived (3–4 Ma) volcanism (Pécskay et al., 1995a, 
1995b). The differences in the time and space distribution of the 
volcanism, in the deep structure beneath the volcanic complexes 
(thin and thick lithosphere, respectively), and also in the geochemi-
cal features may indicate different geodynamic conditions in the 
western (northern part of the Pannonian Basin) and eastern (east-
ern Carpathian-Pannonian region) segments of the arc.

Calc-Alkaline Volcanism in the Northern Pannonian Basin
In the northern Pannonian Basin, the calc-alkaline vol canic 

complexes occur above a relatively thin lithosphere, and the 
onset of the volcanism was strikingly coeval with the main rift-
ing period of the Pannonian Basin (Fig. 3). Furthermore, Nemčok 
and Lexa (1990) described synvolcanic extensional structures in 
the Central Slovakian volcanic fi eld, Western Carpathians. These 
features clearly suggest a strong relationship between lithospheric 
extension and the calc-alkaline magmatism. One of the peculiar 
characteristics of these volcanic rocks is the relative abundance of 
almandine garnets in andesites and rhyodacites formed among the 
fi rst volcanic products (Brousse et al., 1972; Embey-Isztin et al., 
1985; Harangi et al., 2001). This mineral is fairly rare in calc-
alkaline  volcanic rocks worldwide (Harangi et al., 2001). Most of 
the almandines in the Carpathian-Pannonian region are primary, 
i.e., they were formed from silicate liquid. This occurrence points 
to a specifi c condition of the magma genesis, when almandine gar-
net could form and remain in the magma. Primary Ca-rich (CaO > 
4 wt%) and Mn-poor (MnO < 4 wt%) almandines crystallize from 
hydrous andesitic magmas at relatively high pressure (>7 kbar) and 
at temperatures of 900–950 °C (Green, 1977, 1992). This mineral 
is not stable at shallow depth; hence, a relatively rapid ascent of 
the host magma is necessary to preserve the garnets in the volcanic 
rocks (Fitton, 1972; Gilbert and Rogers, 1989). Thus, the relatively 
frequent occurrence of garnet-bearing calc-alkaline volcanic rocks 
in the northern Pannonian Basin could be a sign of change in the 
regional stress fi eld from compressional to tensional stress, and the 
calc-alkaline magmatism in this region could be directly related 
to the extensional phase of the Pannonian Basin (Harangi et al., 
2001). This means that ascent of the magmas and their formation 
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were controlled mostly by the thinning of the continental litho-
sphere. The source region of the magmas could have been either 
in the enriched lithospheric mantle or in the asthenosphere. In the 
former case, the subduction signature of the volcanic rocks can 
be explained as having been inherited in the source region, i.e., 
the magmas could have been generated in the lithospheric mantle 
metasomatized by subduction-related fl uids during the preced-
ing or older subduction events. In the second case, the upwelling 
asthenosphere would have been modifi ed by slab-derived fl uids. 
One can propose that subduction of the oceanic lithosphere was a 
still ongoing process at depth even following the continental col-
lision in the upper crustal level. In this case, arc-type melts could 
have been formed in the mantle wedge due to the volatile fl ux from 
the descending slab, and the lithospheric extension only enhanced 
the ascent of the magmas. This scenario cannot be excluded, but 
our suggestion is that extension and decompression melting of the 
passively upwelling upper mantle was the primary control in the 
formation of magmas, and subduction may have played only an 
indirect role.

Interpretation of the geochemical composition and the type of 
source region of the calc-alkaline volcanic rocks is often diffi cult 
because crustal processes such as fractional crystallization, magma 
mixing, and crustal assimilation can obscure the original composi-
tion of the magmas. Thus, in the following discussion we use only 
the data of basalts and basaltic andesites (SiO

2
 = 49–57 wt%; MgO 

> 3 wt%). These sporadic rocks in the northern Pannonian Basin 
are slightly more enriched in incompatible trace elements than 
those from the eastern Carpathian-Pannonian  region. Furthermore, 
they have lower Zr/Nb and higher La/Y ratios, which could sug-
gest lower degrees of melting or a slightly enriched mantle source. 
Alternatively, this may indicate lower volatile fl ux into the mantle 
wedge from the slab, assuming fl ux-melting process (Stolper and 

Newman, 1994; Reiners et al., 2000). The initial 87Sr/86Sr isotope 
ratio of these mafi c rocks correlates with the Th/La ratio, but not 
with the Ba/La ratio, implying that crustal contamination (either as 
source contamination or upper-level assimilation) had a more sig-
nifi cant role in the genesis of the magmas than the aqueous fl uids 
released from the subducting slab.

The Sr and O isotope data of the calc-alkaline rocks from 
the northern Pannonian Basin suggest that mantle-derived mag-
mas could mix with lower-crustal metasedimentary silicic melts 
(Harangi et al., 2001). A similar petrogenetic model was also 
put forward for the genesis of the Miocene silicic magmas in the 
northern Pannonian Basin (Harangi, 2001a; Harangi et al., 2005). 
Seghedi et al. (2004a) proposed that the parent magmas of both 
of the initial andesitic and rhyolitic volcanic rocks were generated 
above the downgoing slab at the inception of the backarc extension 
period in the Carpathian-Pannonian region. Indeed, both volcanic 
suites have subduction-related geochemical signatures and show 
many similar compositional features (e.g., similar trace-element 
patterns of the andesites, overlapping radiogenic isotope ratios; 
Figs. 5 and 6). However, the early to middle Miocene silicic vol-
canic rocks are found mostly along the shear zone between the 
North Pannonian and Tisza microplates, and this areal extent does 
not seem to be consistent with an origin above a descending slab. 
Instead, this magmatism could be related directly to thinning of a 
continental block during the northeastward translation. The La/Nb, 
Th/Nb, and 87Sr/86Sr isotope ratios decrease (Fig. 7), whereas the 
143Nd/144Nd and 206Pb/204Pb isotope ratios increase in the northern 
Pannonian Basin calc-alkaline volcanic suite with time. In contrast, 
the Ba/La ratio and the 207Pb/204Pb and 208Pb/204Pb isotope ratios do 
not show clear temporal change. This compositional variation can 
be explained by decreasing amounts of lower-crustal component 
in magma genesis and/or an increasing role of a nonmetasoma-
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tized asthenospheric mantle component in the source regions. Both 
scenarios are consistent with magma generation beneath progres-
sively thinning crust and lithosphere.

In summary, the Miocene silicic and calc-alkaline vol canic 
rocks in the northern Pannonian Basin do not appear to be directly 
related to subduction, but to subsequent backarc-type lithospheric 
extension. The arc-type geochemical character of the magmas can 
be explained by mixing with variable amounts of lower-crustal 
melts, although decompression melting of an upwelling mantle 
material enriched by volatiles from the still-descending slab also 
cannot be excluded. In this case, the appearance of incom patible 
trace element–enriched, late-stage transitional basalts and the 
subsequent alkaline basalts (Dobosi et al., 1995; Konečný et al., 
1995) may refl ect break-off the subducted slab and ascent of 
nonmetasomatized, fresh asthenospheric mantle (Konečný et al., 
2002; Harangi et al., 2006).

Calc-Alkaline Volcanism in the Eastern Part 
of the Carpathian-Pannonian Region

The calc-alkaline volcanic rocks at the eastern  Carpathian-
Pannonian region (Szakács and Seghedi, 1995; Mason et al., 
1996; Seghedi et al., 2001) are closer to the assumed suture 
zone, and the volcanoes are situated roughly parallel with the 
Car pa thians (Fig. 2A). The volcanism postdates the major exten-
sional phase of the Pannonian Basin (Fig. 3). The volcanic activ-
ity shows a younging toward southeast (Pécskay et al., 1995b). 
Primary almandine garnets are very rare in these rocks, which 
belong to low-K tholeiitic series to medium-K calc-alkaline 

suites (Mason et al., 1996; Seghedi et al., 2001). Thus, it appears 
that they could be more closely related to the subduction process. 
However, the volcanic eruptions occurred mostly in the waning 
phase of subduction, during the postcollisional stage (Seghedi 
et al., 1998, 2001, 2004a). The areal and temporal distribution 
of the vol canism has been explained by intense subduction roll-
back and subsequent slab break-off by Mason et al. (1998) and 
Seghedi et al. (2001). The notable gradual southeastward shift of 
the volcanism along the volcanic chain in the eastern Carpathians 
(from the Calimani to the Ciomadul; Pécskay et al., 1995b) is 
considered to indicate oblique subduction, tearing, and progress-
ing break-off of the slab and gradual migration of the subducted 
oceanic plate through the magma-generation zone in the mantle 
(Mason et al., 1998). The gradual slab break-off appears to be 
consistent with the short-lived volcanism at the individual vol-
canic complexes, the strong uplift in the Calimani region, and the 
less intense uplift at Harghita (Sanders, 1998).

The calc-alkaline volcanic rocks from the eastern  Carpathian-
Pannonian region have large variations in K

2
O and incompatible 

trace elements, but they are generally less enriched in these ele-
ments compared with the northern Pannonian Basin calc-alkaline 
rocks (Fig. 5). Crustal contamination, in addition to high-level 
fractional crystallization and magma mixing, is thought to have 
played an important role in the petrogenesis of the magmas in 
the eastern Carpathians (Mason et al., 1995, 1996). The differ-
ent origin of the calc-alkaline magmas in the northern Pannonian 
Basin and the eastern Carpathians is illustrated in the 206Pb/204Pb 
versus 87Sr/86Sr isotope diagram (Fig. 8). The volcanic suite of 
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the eastern  Carpathians shows a contrasting trend compared 
with the Miocene volcanic rocks from the northern Pan nonian 
Basin, implying different mantle sources and different crustal 
components. The calc-alkaline magmas of the eastern Car-
pathians could have formed from a depleted mantle source con-
taminated by subducted sediments, whereas the calc-alkaline  
volcanic rocks in northern Pannonian Basin defi ne a mixing 
trend with an isotopically enriched mantle source and a lower-
crustal component (Harangi, 2001a). In summary, the volcanism 
at the eastern Carpathian-Pannonian region could be related to 
subduction, but magma generation occurred in a large part dur-
ing the postcollisional phase, possibly associated with gradual 
slab break-off.

In addition to the dominant calc-alkaline character of the 
eastern Carpathian-Pannonian region rocks, the youngest (<3 Ma) 
volcanic products in the southernmost part of the vol canic chain 
(South Harghita and Ciomadul; Fig. 2B) are shoshonitic and 
high-K calc-alkaline and show an abrupt change in chemical 
composition (Szakács et al., 1993; Mason et al., 1998; Figs. 5 
and 9). The most unusual geochemical features of these rocks are 
the high Ba and Sr concentrations and the low Y content (Ba = 
1000–2000 ppm, Sr = 1000–1600 ppm, Y = 5–15 ppm;  Szakács 
et al., 1993; Mason et al., 1996; Vinkler et al., 2007). Eruption 
of the potassic magmas was accompanied by development of 
alkali basaltic volcanoes in the Persany Mountains from 1.2 to 
0.6 Ma (Fig. 2B; Downes et al., 1995b; Panaiotu et al., 2004). 
These alkaline basalts have distinctively higher La/Nb and lower 
Ce/Pb ratios than the other alkaline basalts in the Pannonian 
Basin, suggesting a subduction-related component in their source 
region (Embey-Isztin and Dobosi, 1995). The basalts contain 
abundant mantle xenoliths, which do not show subduction-related 

meta somatism (Vaselli et al., 1995). Thus, it is inferred that the 
subduction-related component could reside in the astheno sphere, 
where alkaline mafi c magmas were generated. All of these com-
positional features imply that subduction played a role in the 
 genesis both of the potassic and the alkaline sodic magmas in the 
southeastern Carpathians.

The volcanic eruptions at Ciomadul and the Persany region 
are among the youngest volcanic activities (<600 ka) in the 
 Carpathian-Pannonian region, and the relatively long repose 
times (several hundreds of thousands of years) between the erup-
tion phases (Pécskay et al., 1995b; Panaiotu et al., 2004) may 
indicate that renewal of volcanism cannot be unambiguously 
excluded in the future. This volcanism occurred near the Vrancea 
zone (Fig. 2B), where intermediate-depth earthquakes represent 
severe hazards in this part of Europe. The earthquake hypo-
centers are concentrated in an area with 20 × 50 km lateral and 
110 km vertical extent in the 70–180-km-depth range beneath the 
Vrancea zone (Oncescu and Bonjer, 1997; Sperner et al., 2001). 
In addition, subcrustal seismic attenuation has been also detected 
northwest and partly below the Vrancea zone, which can indicate 
the presence of shallow, hot asthenosphere, possibly with par-
tially melted zones (Hauser et al., 2001; Popa et al., 2005; Russo 
et al., 2005). It seems to be clear that there is a geodynamic rela-
tionship between these processes (volcanic and seismic activity); 
however, interpretations of the magma genesis and the origin of 
the vertical slab are fairly controversial.

Most researchers consider that the hanging slab beneath 
 Vrancea is the expression of the latest stage of subduction along 
the Carpathians, and this can be explained by gradual slab break-
off (Spakman, 1990; Mason et al., 1998; Nemčok et al., 1998; 
Seghedi et al., 1998; 2004a; Wortel and Spakman, 2000). Mason 
et al. (1998) suggested that the origin of the youngest volcanic rocks 
of the eastern Carpathian-Pannonian region is somehow related 
to the older calc-alkaline magmatism, and they invoked progres-
sive shallowing of slab break-off. Beneath the South Harghita, a 
slab window could have formed at shallow depth (<50 km) and 
been fi lled by ascending hot asthenospheric mantle. The alkaline 
basaltic magmas are thought to have been generated by decom-
pression of the uprising asthenosphere. The peculiar geochemical 
features of the potassic rocks have been interpreted as resulting 
from increasing slab fl ux, i.e., increasing dehydration of the slab 
due to the upwelling hot asthenosphere. The abrupt decrease of the 
fl uid-mobile B concentration at 3 Ma in the eastern  Carpathian-
Pannonian  region rocks (Fig. 10), however, does not support this 
model. Furthermore, Sperner et al. (2001) emphasized that the 
subducted slab beneath the southeast Carpathians is still fi xed 
vertically, and thus no slab window has been generated yet. The 
enrichment of LILEs and depletion of Y result in the high Sr/Y 
ratios in potassic rocks that led Seghedi et al. (2004a) to propose an 
adakitic, i.e., slab melting, origin of the magmas. Nevertheless, the 
reasons and mechanism of slab melting in this geodynamic setting 
remain for further investigations.

It is remarkable that the change in the composition of the 
erupted magmas in the southeastern part of the eastern Car pa-
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thians corresponds to a signifi cant structural feature, i.e., the posi-
tion of the Trotus line, which separates two main crustal blocks 
with contrasting thermomechanical characters (Cloetingh et al., 
2004). This resulted in different types of collision with  stable 
subduction even during the postcollisional stage to the north-
west and an unstable character of the subduction (gravitational 
sinking stretched body) to the southeast. Therefore, evolution of 
the southeastern and northwestern segments of the eastern Car pa-
thians could have been somehow independent from one another. 
It is remarkable that north of the Vrancea zone, no high-velocity  
seismic anomalies have been shown by seismic tomographic 
models in the upper mantle above 400 km (Wortel and Spak-
man, 2000), i.e., no subducted slab can be detected beneath the 
 Calimani-Harghita volcanic chain.

As an alternative for the slab break-off model, horizontal 
delamination of the lower part of the continental lithosphere fol-
lowing subduction (Doglioni, 1993; Gîrbacea and Frisch, 1998; 
Chalot-Prat and Gîrbacea, 2000; Sperner et al., 2001, 2004; 
Gvirtzman, 2002) or without any subduction (Knapp et al., 2005) 
has been suggested. Delamination of the lower lithosphere could 
initiate an asthenospheric mantle fl ow and provide heat to gener-
ate small-volume potassic magma in the metasomatized regions 
of the lithospheric mantle. In this scenario, the extreme high 
Ba and Sr content of the South Harghita rocks refl ects a LILE-
enriched source, similar to that of the Bár leucitite and the Uroiu 
shoshonite in the Carpathian-Pannonian region (Fig. 5E). The 
depletion of the heavy REEs can be interpreted both by the pres-
ence of residual garnet during the partial melting (Mason et al., 
1998), but also by high-pressure amphibole fractionation. Abun-
dance of high-Al amphiboles in the Ciomadul dacites (South 

Harghita; Fig. 2B; Vinkler et al., 2007) supports the latter sug-
gestion. Contemporaneously, the upwelling asthenosphere could 
have undergone decompression melting resulting in the alkaline 
mafi c magmas that fed the Persani basalt volcanoes.

Apuseni
In addition to the calc-alkaline volcanic arc along the Car pa-

thians, Miocene calc-alkaline volcanic rocks occur also within the 
inner part of the Pannonian Basin. They can be found mostly in 
the Tisza unit, suggesting a relationship with retreating subduction. 
However, this is an area that underwent major lithospheric exten-
sion during the Miocene. The majority of the volcanic formations 
are covered by late Miocene to Quaternary sediments; therefore, it 
is diffi cult to evaluate the exact spatial distribution and the volume 
of the volcanic formations. Yet, their large areal extent and their 
age (Pécskay et al., 1995a) may indicate a direct relationship with 
backarc extension rather than with active subduction.

In the Apuseni Mountains, basaltic andesites and  andesites, 
formed from 14.5 to 7.5 Ma, can be found on the surface ( Pécskay 
et al., 1995a; Seghedi et al., 1998, 2004a). They have simi-
lar,  subduction-related geochemical compositions to the other 
 andesites in the Carpathian arc (Fig. 5C). Thus, Sperner et al. 
(2004) interpreted the origin of these rocks to be related to a Mio-
cene shallow subduction. The oceanic slab subsequently rolled 
back and reached the present vertical position beneath the Vran-
cea zone. However, this interpretation is not consistent with the 
fact that calc-alkaline volcanism occurred also along the eastern 
Carpathian-Pannonian region in the same period ~250 km east of 
the Apuseni Mountains (Pécskay et al., 1995b). Furthermore, the 
length of the slab would exceed the assumed width of the oceanic 
basin (200–300 km; Roure et al., 1993). Without the evidence for 
active subduction beneath the Apuseni during the middle to late 
Miocene, the subduction-related character of these rocks can be 
explained as inherited in their source regions. Remobilization of 
the metasomatized portion of the lithospheric mantle could be 
due do contemporaneous block rotation (Patrascu et al., 1994) 
and thinning of the lithosphere (Seghedi et al., 1998, 2004a).

Role of Extension

The main extensional phase of the Pannonian Basin, usually 
defi ned by the age of the synrift sediments, occurred between 
17 Ma and 13 Ma, or locally up to 11 Ma (Horváth, 1995). How-
ever, it started even earlier in the western part of the  Carpathian-
Pannonian region (20–21 Ma; Sachsenhofer et al., 1997; Tari 
et al., 1999). Before rifting, the Carpathian-Pannonian region 
was characterized by thick crust and lithosphere inherited from 
earlier compressional events in the Alpine region. The northeast-
ward lateral escape of the North Pannonian block started in the 
early Miocene (20–21 Ma; Fodor et al., 1999; Márton and Fodor, 
2003) and was accompanied by block rotations, which together 
resulted in opening of strike-slip basins (Sztanó and Tari, 1993). 
The beginning of Neogene volcanic activity with eruption of 
silicic magmas in the Carpathian-Pannonian region just coin-
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cides with these events (Fig. 3). The early Miocene pyroclastic 
deposits can be found mostly along the contact zone of the North 
Pannonian and Tisza blocks, implying that there was a close 
relationship between the magmatism and the lateral movements 
of the continental blocks (Szabó et al., 1992). Subsequently, 
deposition of silicic volcaniclastic material shifted northeast-
ward, but remarkably, it overlies the areas with thin crust and 
lithosphere. Presently, most of these rocks are covered by late 
Miocene to Quaternary sediments beneath the Great Hungarian 
Plain (Fig. 2B). However, exploratory boreholes revealed that 
their thickness could locally exceed 2000 m (Széky-Fux and 
Kozák, 1984). Although, the spatial and temporal distribution 
of the silicic volcanic rocks indicates a strong relationship with 
the extension of the Pannonian Basin, their composition shows 
a subduction-related component (Figs. 5A and 5B). The radio-
genic isotope ratios of the rhyolitic pumices are similar to those 
of the early stage calc-alkaline volcanic rocks in the northern Pan-
nonian Basin, whereas the isotopic composition of the andesitic 
lithic clasts in the ignimbrites resembles the calc-alkaline basaltic 
andesites and andesites (Fig. 6). Therefore, Seghedi et al. (2004a) 
considered them to be part of the calc-alkaline volcanism and 
interpreted their origin in the context of active subduction.

The early stage rhyolites have a strong crustal component 
(high 87Sr/86Sr isotope ratios; Harangi, 2001a; Seghedi et al., 
2004a); however, the isotopic composition of their cognate 
 andesite lithic clasts (Fig. 11) indicates that the primary magmas 
could have originated in the mantle. Thus, mixing of mantle-
derived and lower-crustal–derived magmas is inferred in the 
genesis of the Miocene silicic volcanic rocks of the  Carpathian-
Pannonian region. Melting of the lower crust requires either 
emplacement of large amounts of mafi c magma at the base of 
the crust (Lexa and Konečný, 1998; Konečný et al., 2002) or 
extreme thinning of the lower lithosphere resulting in ascent of 
hot asthenosphere. The silicic volcanism lasted for 8 m.y. with 
repetitive explosive eruptions. The initial 87Sr/86Sr isotope ratios 
of the pumices decrease, while the 143Nd/144Nd isotope ratios 
increase with time (Fig. 11), implying a decreasing amount of 
crustal component in their genesis. This is consistent with a grad-
ually thinning continental plate.

The compositional similarity of the 14–16 Ma andesitic lavas 
in the northern Pannonian Basin and the andesitic lithoclasts in 
the Miocene silicic ignimbrites suggests that the primary mag-
mas could have been derived from a similar source region. This 
source region should have been modifi ed by subduction-related 
fl uids. The calc-alkaline and the silicic volcanism occurred partly 
coeval, although in different areas of the Carpathian-Pannonian 
region. As we discussed in the previous section, many line of 
evidence support the hypothesis that melt generation supplied 
the calc-alkaline volcanism in the north was directly related to 
the extensional phase of the Pannonian Basin, and we infer that 
this tectonic event was also the primary cause of the silicic vol-
canism. A similar scenario, i.e., extension-related calc-alkaline 
and silicic volcanism, has been described to explain the evolution 
of the Basin and Range Province, western United States (Gans 

et al., 1989; Hawkesworth et al., 1995) and the Western Anatolia 
(Seyitoglu et al., 1997; Wilson et al., 1997).

In contrast to the intensive early to middle Miocene silicic 
and calc-alkaline magmatism in the central and eastern part of the 
Pannonian Basin, there are only sporadic occurrences of Middle 
Miocene volcanic rocks in the western part of the region. Sig-
nifi cantly, these rocks, found in the Styrian Basin and south of 
Lake Balaton (Balatonmária-1 borehole; Fig. 2B), are potassic 
and ultrapotassic (Harangi et al., 1995b; Harangi, 2001b). They 
were formed 14–16 Ma (Pécskay et al., 1995a) and show similar 
chemical compositions. In spite of the subduction-related fea-
tures (increase of LILEs and Nb trough in the normalized trace-
element patterns; Harangi, 2001b), there is no evidence for con-
temporaneous subduction. Small-volume ultrapotassic magmas 
are thought to be generated in the continental lithospheric mantle 
in response to thinning of the lithosphere or to the heat fl ux of 
upwelling hot mantle beneath the continental plate (McKenzie, 
1989; Thompson et al., 1990). In the Carpathian-Pannonian 
region, the striking coincidence with the main rifting phase of the 
Pannonian Basin supports the fi rst explanation.

In summary, the Carpathian-Pannonian region provides a 
natural example where backarc extension of a continental plate 
is associated with calc-alkaline to silicic volcanism. This can be 
explained by the extensive subduction-related metasomatism in 
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the mantle before the lithospheric stretching. Flat subduction 
beneath a thick continental lithosphere could have prevented vol-
canic activity during the Paleogene. However, subduction roll-
back and the related backarc extension during the middle Mio-
cene would have remobilized the fl uid-metasomatized mantle 
regions. The western part of the Carpathian-Pannonian region 
was too far from the subduction zone; therefore, its underlying 
mantle underwent less or no slab fl uid–related modifi cation, and, 
hence, only sporadic eruptions of potassic to ultrapotassic mag-
mas occurred during the synrift phase.

Alkaline basaltic volcanism was widespread in the 
 Carpathian-Pannonian region, but it postdated the peak of 
extension, similar to what has been observed in the Basin and 
Range Province of the western United States (Fitton et al., 1991; 
Hawkesworth et al., 1995). In the Pannonian Basin, the alkaline 
volcanism started at 11 Ma with sporadic eruptions of alkaline 
basaltic magmas (Embey-Isztin et al., 1993) and formation of a 
huge trachyandesite volcano in the western part of the Pannonian 
Basin (Fig. 2A; Harangi et al., 1995a; Harangi, 2001b). This alka-
line volcanic activity occurred during the late stage of the synrift 
phase and may have been a direct consequence of thinning of 
the lithosphere and the passive upwelling of hot asthenosphere. 
However, it is remarkable that this mafi c volcanism took place 
mostly at the western periphery of the Pannonian Basin (Burgen-
land; Fig. 2B) and not in the regions that underwent signifi cant 
thinning. Chemical composition of these mafi c magmas (group 1 
basalts in Fig. 5G) indicates that the melt generation occurred in 
the garnet-peridotite stability zone, i.e., >80 km depth by 2%–4% 
of melting (Fig. 12; Embey-Isztin et al., 1993; Embey-Isztin and 
Dobosi, 1995; Harangi, 2001b). Harangi (2001b) compared the 
major-element data, normalized to MgO = 15 wt%, with experi-
mental data and concluded that the melt generation could occur 
at 110–125 km depth. The present thickness of the lithosphere 
beneath this region is 110–120 km; therefore, the source region 
of these mafi c magmas could have been at about the lithosphere-
asthenosphere boundary, presumably in the uppermost asthe-
nosphere. Enrichment of incompatible trace elements and the 
negative K anomaly in the primitive mantle–normalized trace-
element  patterns (Fig. 5G) suggest an enriched source region with 
a K-bearing phase in the residue. This K-bearing phase could 
be phlogopite or amphibole. Partial melting model calculations 
indicate that small-degree (max. 1%–2%) melting of garnet peri-
dotite with 4% amphibole or 2.5% phlogopite and an enriched 
chemical composition (~1.5–3 times primitive mantle composi-
tion) explain well the trace-element pattern of the 11 Ma alkaline 
basalts. The presumed depth of melt generation (>25–30 kbar, 
>100 km) and the depletion in Rb favor phlogopite in the 
residuum. The alkaline basalts in the western Carpathian-
Pannonian  region have a relatively high 206Pb/204Pb isotope 
ratio (19.7–19.8; Fig. 6; Embey-Isztin et al., 1993; Rosenbaum 
et al., 1997), suggesting a HIMU-like character.

The thick lithosphere beneath the location of the 11 Ma alka-
line mafi c volcanism does not appear to support a direct rela-
tionship between melt generation and extension of the Pannonian 

Basin. Furthermore, it is remarkable that this mafi c volcanism 
was roughly coeval with the major change (from high La/Nb to 
low La/Nb) in the composition of the calc-alkaline volcanic suite 
from the northern Pannonian Basin (Fig. 7). If extension did not 
play a major role in the melt generation process, we may infer 
that hot asthenospheric mantle could have arrived beneath the 
thinning Carpathian-Pannonian region and provided heat to melt 
the metasomatized portion of the lithospheric mantle or under-
went partial melting just below the continental lithosphere. One 
of the possibilities is the defl ection of the presumed mantle plume 
beneath the Bohemian massif (Wilson and Patterson, 2001) due 
to the suction effect of backarc rifting and detachment of the 
subducted slab at the northern part of the Carpathian-Pannonian 
region (Harangi et al., 2006).

Role of a Mantle Plume

The main phase of the alkaline mafi c volcanism started at 
7 Ma and culminated at 2–4 Ma, resulting in monogenetic vol-
canic fi elds sporadically distributed in the Carpathian-Pannonian 
region (Fig. 2A). This volcanism occurred more than 5 m.y. after 
the cessation of the synrift phase of the Pannonian Basin (Fig. 3); 
therefore, the thinning of lithosphere could not be the direct rea-
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son for the melt generation. The alkaline basalts have a high Mg-
number (>0.62) and often contain ultramafi c xenoliths, suggest-
ing only a small degree of magma differentiation and fast ascent 
of the magmas from their mantle source regions (Embey-Isztin 
et al., 1993, 2001; Embey-Isztin and Dobosi, 1995; Harangi et al., 
1995a; Harangi, 2001b). The trace-element data, particularly the 
heavy REE concentrations (Figs. 5G and 5H), suggest that gar-
net should be present as a residual phase during melting and the 
source region should be enriched in incompatible trace elements 
(Embey-Isztin et al., 1993; Harangi et al. 1995a; Harangi, 2001b; 
Seghedi et al., 2004b). The nonmodal batch partial melting cal-
culation shows that most of the mafi c magmas could originate by 
1.5%–4% melting in the garnet-peridotite depth (Fig. 12), i.e., 
deeper than 80 km. The alkaline basalts in the northern Pannonian 
Basin (Stiavnica-Nógrád-Gemer volcanic fi eld; Fig. 2B) deviate, 
however, from this melting trend and can be explained either by 
generation at shallower depth, i.e., in the spinel-garnet  peridotite 
fi eld (60–80 km depth interval), or from a more-enriched (lower 
Zr/Nb) source region. The present thickness of the lithosphere 
beneath the Pannonian Basin is 60–80 km (Tari et al., 1999), 
implying that the partial melting process could take place just 
beneath the continental lithosphere.

In the Little Hungarian Plain, alkaline mafi c volcanism took 
place at ca. 5 Ma (Balogh et al., 1986), leading to development of 
small-volume basaltic volcanoes in an ~6 × 10 km area (Harangi 
et al., 1995a). Here, the basaltic rocks show large compositional 
variation, covering almost the whole geochemical range of the 
alkaline mafi c rocks in the Pannonian Basin (Fig. 13). Since all 
these basaltic rocks have high Mg-numbers (>0.62), are silica-
undersaturated in variable degrees, and some of them contain 
mantle xenoliths, major crystal fractionation and signifi cant 

crustal contamination can be excluded in their genesis. Thus, 
variation in their compositions can be used to constrain the 
nature of their mantle sources and/or the melting condition. The 
negative K anomaly in the basanites indicates phlogopite and/or 
amphibole in the residuum. The trachybasalts do not show this 
feature (group 2 basalts in Fig. 5H), which can be explained by a 
higher degree of melting consuming the hydrous minerals of the 
same mantle source. However, these basalts have signifi cantly 
different strongly incompatible trace-element ratios as well as 
Sr-Nd isotope ratios compared with the basanites (Harangi et al., 
1995a; Harangi, 2001b), implying a distinct mantle source. Nev-
ertheless, as we discussed before, all of these basaltic magmas 
were probably generated in the garnet-peridotite fi eld, i.e., in the 
asthenosphere. Thus, we can conclude that the asthenosphere is 
chemically heterogeneous, presumably in a relatively small scale, 
beneath the western Carpathian-Pannonian region.

In addition to the alkaline basalts, leucitite and latite mag-
mas were formed in the southern Carpathian-Pannonian region at 
1.5–2 Ma (Fig. 2A; Harangi et al., 1995b; Seghedi et al., 2004a). 
The source region of these magmas could be in the lithospheric 
mantle. The basaltic and the young potassic magmatism cannot 
be directly related to lithospheric extension, since it postdates 
the synrift phase. Thus, partial melting either in the continental 
lithosphere or in the asthenosphere requires an increase of tem-
perature. The only mechanism that is able to provide extra heat 
is mantle fl ow. The chemical compositions of the alkaline mafi c 
rocks show many similarities with the Neogene to Quaternary 
alkaline basalts from Western and Central Europe (Wilson and 
Downes, 1991; Embey-Isztin et al., 1993). In the mid-1990s, 
integrated geochemical and seismic studies led to the proposi-
tion that localized mantle upwellings (“mantle plume fi ngers” 
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or “baby-plumes”) that were derived from a common mantle 
reservoir (“European asthenospheric reservoir” = EAR; Cebriá 
and Wilson, 1995) could be responsible for the volcanism in the 
Massif Central, the Rhenish area, the Eger graben, Bohemia, and 
also in the Pannonian Basin (Hoernle et al., 1995; Granet et al., 
1995). The European asthenospheric reservoir component of 
these plume fi ngers is characterized by a HIMU- (or Focal Zone 
[FOZO])–like (more precisely a mixture of HIMU and depleted 
mantle components) isotopic composition. It has been suggested 
that the European asthenospheric reservoir–like magmas subse-
quently interacted with the local lithospheric mantle, resulting 
in a compositional shift toward different enriched components 
(Hoernle et al., 1995). Upwelling of a localized mantle plume 
beneath the Pannonian Basin can readily explain the melt genera-
tion and volcanism after the peak extension in the middle Mio-
cene (Seghedi et al., 2004a).

Goes et al. (1999) and Buikin et al. (2005) suggested that the 
scattered mantle plumes beneath Central and Western Europe 
could have a common origin in the lower mantle. Remarkably, 
the alkaline mafi c volcanic fi elds in Europe are at the periph-
ery of the Alpine-Mediterranean region, which is underlain 
by a posi tive seismic velocity anomaly in the depth range of 
400–650 km (Fig. 1; Wortel and Spakman, 2000; Piromallo 
et al., 2001; Piromallo and Morelli, 2003). The high-velocity 
anomaly has been interpreted as accumulation of thick, cold 
material, possibly subducted residual material. This can form 
a barrier against the rise of the lower mantle plume and could 
separate it into several smaller branches (“mantle plume fi n-
gers”), which emerge at the periphery of the cold material. The 
geographic distribution of the alkaline mafi c volcanic fi elds in 
Europe (Fig. 1) appears to support this model.

The Carpathian-Pannonian region is also underlain by the 
high-velocity body in the mantle transitional zone (Fig. 1; Wor-
tel and Spakman, 2000). Thus, a hot mantle plume or a plume 
fi nger cannot be expected from the relatively “cold” base of the 
upper mantle. The characteristic features of the mantle plumes are 
also missing beneath this region. The broad topographic updom-
ing, such as that detected in the Massif Central (Wilson and Pat-
terson, 2001), or in classic hot spot areas (Courtillot et al., 2003), 
is absent; on the contrary, some parts of the Pannonian Basin are 
still subsiding. Two observations support the plume theory in the 
 Carpathian-Pannonian region: the high heat fl ow in the region 
(Lenkey et al., 2002) and the HIMU-type signature of most of the 
alkaline basaltic rocks (Embey-Isztin and Dobosi, 1995). How-
ever, the high heat fl ow can be readily explained by the thinning of 
the lithosphere during basin formation and the still-shallow asthe-
nosphere ( Royden et al., 1983). Although many authors consider 
that the HIMU/FOZO-type isotopic ratios indicate a mantle plume, 
there are strong arguments for a metasomatic origin too (e.g., Hart, 
1988; Sun and McDonough, 1989; Halliday et al., 1995; Pilet et al., 
2005). In addition, the alkaline mafi c volcanism in the Carpathian-
Pannonian  region has been sporadic, covering almost the whole 
region (Fig. 2A), and has had a fairly low magma production rate, 
which is inconsistent with the plume theory.

In summary, we can conclude that the presence of a mantle 
plume beneath the Pannonian Basin is highly unlikely. Thus, if we 
exclude the lithospheric extension–related melt generation and 
the mantle plume–related magma generation, how can we explain 
the formation of mafi c magmas in this area from the late Miocene 
to the Quaternary? In addition, how were the 1.5–2 Ma leucitite 
and shoshonite generated? Eruption of alkali basalts has occurred 
even within the last 600 k.y. in the  Carpathian-Pannonian  region; 
the last volcanic eruption is represented by the 130 ka Putikov 
volcano in central Slovakia (Simon and Halouzka, 1996). Thus, 
the mantle beneath the Carpathian-Pannonian region appears to 
be still capable of melting!

This is not surprising, however, because due to the earlier 
thinning of the lithosphere, the temperature of the upper mantle 
might be still very close to the melting temperature, since the 
decay of a thermal anomaly caused by lithospheric thinning takes 
~100 m.y. (e.g., McKenzie, 1978). The alkali basaltic volcanism 
started at 11 Ma, whereas the calc-alkaline volcanic activity in 
the northern Pannonian Basin changed to eruption of  transitional-
type magmas at 9–10 Ma, just at the latest phase of the rifting 
phase. The subsequent ~5–6 m.y. volcanic quiescence in the 
western and central parts of the Carpathian-Pannonian region is 
coeval with a compressional phase in the whole area (Csontos 
et al., 1991; Peresson and Decker, 1997), lasting between 9 Ma 
and 5.3 Ma (Peresson and Decker, 1997) or between 10 Ma and 
7 Ma (Fodor et al., 1999). Nevertheless, 5–10 m.y. after the end 
of extension, the temperature in the lithosphere was still high 
enough to generate melt due to some local temperature perturba-
tion. The reason for this temperature perturbation can only be 
fl ow in the mantle, but a large-scale mantle plume is not likely. 
The reason of the mantle fl ow is unclear (irregular shape of the 
lithosphere-asthenosphere boundary?); however, it might be only 
a local process and not as large one as Konečný et al. (2002) 
postulated.

A Model for Melt Generation in the Carpathian-
Pannonian Region for the Last 20 m.y.

The Neogene volcanic activity in the Carpathian-
Pannonian  region is closely related to the tectonic evolution of 
the area. During Cretaceous and Paleogene time, subduction of 
oceanic lithosphere did not result in the direct production of 
calc-alkaline  volcanism due to the overall compressive stress 
fi eld and the presence of a thick crust and lithosphere. Nev-
ertheless, this process played an important role in the genera-
tion of magmas. Dehydration of the descending slab metaso-
matized the mantle wedge, lowering the melting temperature. 
Magmas reached the surface only at the beginning of litho-
spheric stretching, which was initiated fi rst by northeastward 
translation and rotation of the North Pannonian block and jux-
taposition with the Tisza microplate during the early Miocene 
(19–21 Ma). Mantle-derived magmas intruded into the crust-
mantle boundary zone, causing extensive melting in the lower 
crust. These mixed magmas evolved to Si-rich rhyolitic liquids, 
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which erupted mostly along the weak shear zone between the 
two microplates. The retreating subduction resulted in further 
extension in the backarc area, which initiated magmatism closer 
to the suture zone in the northern Pannonian Basin during the 
middle Miocene (ca. 16 Ma). Melt generation occurred in the 
passively upwelling metasomatized upper mantle, and, then, 
these magmas mixed with metasedimentary lower-crustal melts. 
In the hydrous, Al-saturated silicate liquids, almandine garnets 
could crystallize at high pressure, and the tensional stress fi eld 
enabled the rapid ascent of these magmas along major faults 
at the northern Pannonian Basin. The gradual compositional 
change (e.g., decreasing 87Sr/86Sr isotope ratio, La/Nb and Th/Nb 
ratios) both in the calc-alkaline and in the silicic suites implies 
a decreasing role of the crustal component. This is consistent 
with magmatism in a continuously thinning continental plate. 
The direct control on the melt generation could be lithospheric 
extension, causing decompression melting of the ascending 
upper mantle. The still-ongoing subduction at depth could help 
this process, providing aqueous fl uids for the overlying mantle 
and initiating mantle fl ow by the rollback process and gravita-
tional sinking of the dense slab fragments.

In the northern Pannonian Basin, the 16–9 Ma calc-alkaline 
suite shows a two-component mixing trend in the 206Pb/204Pb 
versus 87Sr/86Sr isotope diagram (Fig. 8), similar to other areas 
of the Mediterranean region (e.g., central Italy, Peccerillo, 2003; 
SE-Spain, Duggen et al., 2005). The mantle end member of this 
mixing trend is characterized by a relatively high 206Pb/204Pb 
ratio, which resembles the isotopic composition of most of the 
circum-Mediterranean alkaline mafi c rocks (Wilson and Patter-
son, 2001). Such HIMU/FOZO-like magmas also occur within 
the Mediterranean region, and this feature has been interpreted to 
represent the involvement of a deep mantle plume, either chan-
neled through a slab window (Gasperini et al., 2002) or as an 
active upwelling beneath the opening Tyrrhenian Basin (Bell 
et al., 2004). On the contrary, Peccerillo and Lustrino (2005) 
argued against the presence of any mantle plumes beneath the 
Central Mediterranean.

In the Carpathian-Pannonian region, magmas with a HIMU/
FOZO-like composition erupted at 10–11 Ma (alkali basalts at 
Burgenland, western part of the Carpathian-Pannonian region, 
Embey-Isztin et al., 1993; Rosenbaum et al., 1997, Harangi, 
2001b; and transitional basalts and basaltic andesites in the north-
ern Pannonian Basin, Harangi, 2001a). This magmatism could 
be attributable to the latest stage of lithospheric extension, when 
upwelling, enriched asthenosphere underwent low-degree partial 
melting, leaving garnet and a potassic hydrous phase, presum-
ably phlogopite, in the residuum. This magmatism was confi ned 
to the northwestern and northern part of the Pannonian Basin, 
where subduction ceased just a couple of million years before. 
Detachment and gravitational sinking of the dense slabs into 
the deeper mantle could have resulted in convective instabilities 
and change in the mantle fl ow within the shallow mantle, which 
would have enhanced upwelling of nonmetasomatized, relatively 
hot, enriched mantle material (Konečný et al., 2002).

In the inner part of the Pannonian Basin, far from the subduc-
tion zone, the lithospheric extension caused localized melting in 
the metasomatized continental lithosphere and eruption of potas-
sic and ultrapotassic magmas. Major block rotation and associ-
ated extension in the Apuseni Mountains were associated with 
calc-alkaline volcanism from 15 to 9 Ma (Seghedi et al., 2004a). 
In the eastern part of the Carpathian-Pannonian region, subduc-
tion of the oceanic plate ceased gradually from 13 Ma to 10 Ma. 
The calc-alkaline volcanism spatially fairly close to the suture 
zone was mostly postcollisional and is inferred to have been 
related to a slab break-off process (Mason et al., 1998; Nemčok 
et al., 1998; Seghedi et al., 1998, 2001). This is supported by the 
gradual southeastward younging of the volcanic eruptions, the 
short-lived volcanism at the individual volcanic centers, and the 
uplift history of the Carpathians.

In the Pannonian Basin, the alkaline basaltic volcanism 
began at the end of rifting (11 Ma), had a quiescence period dur-
ing a regional compressional event (Peresson and Decker, 1997; 
Fodor et al., 1999) from 10 Ma to ca. 7–5 Ma, and later continued 
until recently. Thus, lithospheric extension could not have played 
a direct role in the magma generation for the last 5 m.y. However, 
the mantle potential temperature beneath the thin lithosphere may 
still remain close to the solidus temperature, and local perturba-
tion caused by mantle fl ow may still result in low-degree par-
tial melting within the asthenosphere. Based on geophysical and 
geological observations (e.g., presence of a high-velocity anom-
aly, i.e., a presumably cold body of accumulated material at the 
base of the upper mantle beneath the Pannonian Basin; Wortel 
and Spakman, 2000, Piromallo et al., 2001; absence of regional 
doming, but rather still ongoing subsidence in many parts of the 
Pannonian Basin; scattered basaltic volcanism with low magma 
production rate, etc.), we rule out a mantle plume beneath the 
Pannonian Basin.

The alkaline mafi c magmas show a relatively wide compo-
sitional variation, both regionally and locally. This compositional 
variation and the presence of the HIMU/FOZO-like isotope and 
trace-element ratios can be explained by a heterogeneous mantle 
model (Helffrich and Wood, 2001), such as a marble-cake or a 
streaky mantle model (Allégre and Turcotte, 1986; Smith, 2005). 
The shallow asthenospheric mantle could be heterogeneous on a 
relatively small-scale, preserving fragments of subducted crust 
for a long time (Meibom and Anderson, 2004; Kogiso et al., 
2004). Niu and O’Hara (2003) suggested that metasomatized 
oceanic lithospheric portions could be important geochemical 
reservoirs hosting volatiles and trace-element and isotopic char-
acteristics resulting from former metasomatism. The long history 
of orogenic events (Hercynian and Alpine orogenesis) in Europe 
could supply vast amount of crustal material into the upper man-
tle, resulting in geochemical heterogeneity on various scales. 
Partial melting of different parts of the shallow asthenospheric 
mantle (metasomatized, phlogopite-bearing enriched sections 
with HIMU-like composition and depleted mid-ocean-ridge 
basalt [MORB] mantle around them) and mixing of these melts 
could also explain the compositional variation in the alkaline 
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mafi c magmas of the Pannonian Basin. Furthermore, this model 
explains also the occurrence of HIMU/FOZO- or European 
asthenospheric reservoir–like magmas even during the Eocene-
Oligocene (Macera et al., 2003; Cvetkovic et al., 2004) and dur-
ing the Cretaceous (Harangi, 1994; Dostal and Owen, 1998; 
Harangi et al., 2003) in Europe. The relatively high surface heat 
fl ow (Lenkey et al., 2002) and the fairly recent (<500 ka) mafi c 
volcanism in the northern part of the Pannonian Basin suggest 
that the mantle is potentially still capable of producing basaltic 
magma, which could reach the surface if the actual stress fi eld 
allows it.

In the postcollisional calc-alkaline volcanism along the east-
ern part of the Carpathian-Pannonian region, a signifi cant change 
occurred at 3 Ma. The erupted magmas in the southeastern Car-
pathians, close to the Vrancea zone, are characterized by an 
increase of potassium and high abundance of barium and stron-
tium. Mason et al. (1998) and Seghedi et al. (2004a) proposed 
formation of a shallow (<50 km) slab window and slab melt-
ing under a volatile-rich condition (extensive dehydration of the 
descending slab). However, boron (B), a fl uid-mobile trace ele-
ment, decreases signifi cantly in these volcanic rocks compared 
with the 3–6 Ma calc-alkaline andesites to the north, a feature 
that does not support the increasing release of aqueous fl uids 
beneath this area. Furthermore, geophysical observations ( Wortel 
and Spakman, 2000; Sperner et al., 2001, 2004) do not support 
the presence of a slab window beneath the Vrancea zone. Sig-
nifi cantly, the compositional change in the erupted magmas cor-
responds to a major lithosphere-scale fault (Trotus fault), which 
separates two different continental blocks (Cloetingh et al., 
2004). In this context, the most recent volcanism (eruption of 
high-K dacite magmas at Ciomadul as recent as 20–30 ka and 
alkali basalt magmas at Persany) could be closely associated 
with the deep processes occurring beneath the Vrancea zone. The 
intermediate-depth earthquakes suggest that this is a still active 
system. Delamination of the lower lithosphere inducing upwell-
ing of hot asthenospheric mantle (Doglioni, 1993; Gîrbacea and 
Frisch, 1998; Chalot-Prat and Gîrbacea, 2000) seems to be a 
plausible scenario for the melt generation that results in alkaline 
basaltic melts by decompression melting of the uprising astheno-
sphere and potassic magmas by melting of the lower continental 
lithosphere due to the heat fl ux of the shallow asthenosphere. 
Further investigations are crucial to have a better understanding 
of the magma generation process in this area and the relationship 
with the intermediate-depth seismic events.

The Carpathian-Pannonian region has been characterized by 
a relatively long volcanic history since the early Miocene. The 
volcanism appears to have been in a waning phase for the last 
2 m.y., but the quite recent volcanic eruptions (e.g., development 
of an alkaline basaltic scoria cone with a lava fl ow in the northern 
Pannonian Basin at 150 ka, Simon and Halouzka, 1996; explosive 
volcanic eruption of the Ciomadul volcano at 20–30 ka, Juvigne 
et al., 1994; Moriya et al., 1996; Vinkler et al., 2007) suggest that 
conditions in the shallow mantle could still enable melt genera-
tion and volcanic eruption in the future.
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Jiříček, R., 1979, Tectonic development of the Carpathian arc in the Oligocene 
and Neogene, in Mahel, M., ed., Tectonic Profi les through the Western 
Carpathians: Bratislava, Geological Institute Dionyz Stur, p. 205–214.

Juvigne, E., Gewelt, M., Gilot, E., Hurtgen, C., Seghedi, I., Szakács, A., Gábris, 
G., Hadnagy, Á., and Horváth, E., 1994, Une eruption vieille d’environ 
10 700 ans (14C) dans les Carpates orientales (Roumanie): Paris, Comptes 
Rendus Academie des Sciences, v. 318, p. 1233–1238.

Knapp, J.H., Knapp, C.C., Raileanu, V., Matenco, L., Mocanu, V., and Dinu, C., 
2005, Crustal constraints on the origin of mantle seismicity in the Vrancea 

zone, Romania: The case for active continental lithospheric delamination: 
Tectonophysics, v. 410, p. 311–323, doi: 10.1016/j.tecto.2005.02.020.

Kogiso, T., Hirschmann, M.M., and Reiners, P.W., 2004, Length scales of 
mantle heterogeneities and their relationship to ocean island basalt geo-
chemistry: Geochimica et Cosmochimica Acta, v. 68, p. 345–360, doi: 
10.1016/S0016-7037(03)00419-8.
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