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Abstract. Geodynamic evolution of the Carpathian arc and Key words. Neogene; Carpathian arc; Pannonian basin;
Pannonian basin during the Neogene times is presented assaibduction; asthenospheric diapir; volcanism; structural de-
set of palinspastic reconstructions. The structural evolutionvelopment; palinspastic reconstruction

is modeled in terms of a coupled system of: (1) Alpine (A-
type) subduction and compressive orogene belt development
owing to compression by the Adriatic microplate, (2) lateral
extrusion of Alcapa lithosphere from the Alpine collision as-

sisted by transform faults, (3) Carpathian gravity driven (B- Geologists have repeatedly attempted to explain the Neo-

type) subduction of oceanic or suboceanic lithosphere under-ene evolution of the Carpatho-Pannonian region. in terms
lying former flysch basins and (4) back arc extension associ? . -arpatnc gon,
ated with the diapiric uprise of asthenospheric mantle. of an extensive Pan.nonlan basin system bounQed by a young

The variable timing of accretionary prism and back arc Carpathian orogenic arc. Naturally, successive models re-

. L . flect advances in geotectonic thinking. While older models

basin evolution in the Western Carpathians, the NW part . :
. ' I | data alone, I

of the Eastern Carpathians, and the SE part of the Easter\rl1vere based on geological data alone, newer ones included

. . . . : an interpretation of geophysical data. The presence of rocks
g::p:m:22Sa(r:sr;f:(;n;itzﬁg:::nf'ggls;] exg{]:glﬁ']?fgﬁ; threo(_)f accretionary prisms and andesite volcanic units, combined
P P'%ith evidence of thinned crust and lithosphere and the high

Freat flow in the Pannonian basin region, led during the sev-
reflecting gravity driven subductions compensated by return glon, 9

: : : —enti n rly eighti he fir lications of pl -
asthenospheric flows (involving the back-arc diapiric upnsee ties and early eighties to the first applications of plate tec

: . tonic principles (Bleahu et al., 1973; Boccaletti et al., 1973;
of asthenospheric mantle). The observed low subduction ratﬁadeluscu and Sandulescu. 1973 Steqena et al. 1975 Lexa
implies obstacles to the compensating asthenosphere flo '  Steg y X

erhaps represented by confining thick lithosphere at the N nd Koneény, 1974, 1979; Balla, 1980, 1981; Hah and
P psrep y ining thick Ithosp . oyden, 1981). Subduction models were introduced to ex-
and SE sides of the arc. This segmentation may arise from

a aravity driven process allowing asthenospheric side fIOWplain the Tertiary evolution of the Carpathian orogenic arc
9 y P 9 P and models of diapiric uprise of asthenospheric mantle were

to ta_ke place speeding up the gravity drlven_ oyerturn (sub intorduced to explain Neogene Pannonian back arc basin de-
duction). Structural evolution as well as the timing and Spa'velopment
tial distribution of the arc-type (subduction-related) andesite o . .
: . Subsequent recognition of major fault zones with an exten-
volcanics suggests that subduction halted because the sub- : : ,
: . Sive lateral displacement gave geotectonic modelling a new
ducting plate became nearly vertical, followed closely by the

. . _impetus reflected in the concept of microplates (e.g. Roy-
detachment_of the sinking I|thos_phere slab from the cont den et al., 1982; Balla, 1984) and finally led to the model
nental margin. Late stage alkali basalt volcanic rocks im-

ply that during the final stage of back arc basin evolution of lateral extrusion of the Alcapa microplate from the Alpine
collision zone (Ratchbacher et al., 19914, b) and to an inte-

the related diapiric uprise of asthenospheric mantle incor- . : .
. ! . grated model of Carpatho-Pannonian region evolution apply-
porated unmetasomatized mantle material, brought possibl L . S
ng principles of subduction rollback, back-arc diapiric up-

mt_o the area of the diapiric uprise by compensating athenOShr'ise of asthenospheric mantle, and lateral extrusion of litho-
eric mantle counterflows.

sphere assisted by transform faults (Royden, 1988, 1993b;
Correspondence tal. Lexa (lexa@gssr.sk) Csontos et al., 1991, 1992; Hath, 1993; Csontos, 1995;
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Kovat et al., 1994, 1998; Huismans et al., 1997; Linzer etmechanism. Rather, we envision gentle docking of the arc to
al., 1998). This comprehensive model was strongly sup-the continental margin (Lillie et al., 1994), accompanied by
ported by results of paleomagnetic measurements indicatingnicroplate rotations (e.g. Ké&z and Marton, 1998; Panaiotu,
large scale rotations of microplates (Balla, 1987arkdn et  1998). The shallow position of the lithosphere/asthenosphere
al., 1995; Marton and Mrton, 1996; Panaiotu, 1998) and boundary underneath the Pannonian basin indicates astheno-
by the extent of shortening in the Carpathian flysch basinssphere upwelling (diapiric uprise) during the Tertiary period
during their transformation into an accretionary prism (e.g.of active stretching.

Oszczypko and Slaczka, 1986; Oszczypko, 1997; a8t Detached lithospheric slabs in the asthenosphere under-
al., 1989, 1998; Roure et al., 1993; Morley, 1996; Nlein  neath the Carpathian arc and Pannonian basin have been
etal., 1998). identified by seismic tomography and thermal modelling.

An interpretation of the Vranca deep seismic zone inFigure 1b shows variability of the seismic wave velocities in
conection with detached sinking lithosphere slab (Constanthe section from the Pannonian basin to the Bohemian mas-
tinescu and Enescu, 1984) and the recognition of subductesdif, according to Spakman et al. (1993). The high-velocity
lithosphere remnants underneath the Pannonian basin and imene at depths of 300-400 km is interpreted as a detached
ternal Carpathian units (Spakman, 1990) resulted in the conand sunken lithospheric slab. Rejuvenated lower boundaries
cept of final verticalization of the subduction zone, slab de-of the crust and lithosphere (Hdxrth, 1993) are also indi-
tachment, related deep subsurface load, and platform maeated. Figure 1c shows a thermal model along a section from
gin bending (Vortel and Spakman, 1992; Meulenkamp et al.the Pannonian basin to the East European platform (Gordi-
1996; Krzywiec and Jochym, 1997; Néok et al., 1998; jenko in Buryanov et al., 1987). The relatively cool zone at
Zoetemeijer et al., 1999). These gravity driven processes depth 250-350 km underneath the Pannonian basin is also
were not contemporaneous along the arc — rather they shomterpreted as a detached and sunken lithospheric slab.

a progression from west to east during the Early Miocene to The continental margin hidden underneath the accre-
Quaternary time (Vortel and Spakman, 1992; Neket al.,  tionary prism of the Carpathian arc was interpreted using
1998; Lexa and Koriny, 1998, Kowac, 2000). results of reflection seismics and gravity modelling (Tomek

The aim of this review paper is not to present new data,et al., 1989; Tomek and Hall, 1993; Bielik et al., 2000). It
but to demonstrate that the final Neogene evolution of theruns close to the Pieniny Klippen belt in the West; while to
Carpathian arc and Pannonian basin was not a uniform prothe east it follows the Krosno-Moldavian flysch zone. The
cess. The set of palinspastic reconstructions (models) prepresent position of the continental margin probably corre-
sented here documents geodynamic evolution of three segponds to the final position of the youngest subduction zone
ments (parts) of the whole system, indicating gravity driven of the Carpathian orogene.
subduction compensated by return asthenospheric flows, in-
cluding back-arc diapiric uprise of asthenospheric mantle in
time and space. 3 Evidence provided by Tertiary volcanic rocks

On the basis of spatial distribution, relation to tectonics, com-
2 Geophysical evidence positional features, and assumed petrological models, Lexa

et al. (1993) distinguished in the Carpatho-Pannonian region
The crustal thickness of the Pannonian basin realm varies ifiour groups of the Neogene to Quaternary volcanic rocks:
the range 22—-35 km (e.g. Hdxth, 1993). Areas of thin crust areal type (extension-related) silicic volcanics, areal type
along with corresponding extension basins mark zones of théextension-related) andesite volcanics, arc type (subduction-
most intense lithosphere stretching, evidenced by high heatrelated) basaltic andesite to andesite volcanics, and alkali
flow (Royden and Bvényi 1998). Hence, areas of relatively basalt volcanics. &skay et al. (1995) recorded also a
thicker crust represent crustal blocks unaffected by stretchingporadic occurrence of shoshonitic and ultrapotassic rocks.
(back arc extension). Their distribution in space and time is shown in Figs. 2—6.

Figure 1 summarizes essential data concerning lithospher&eotectonic implications follow from the relevant petrologi-

and asthenosphere. The lithospheric thickness in part “a” isal models. Here we shall use the ones worked out by Lexa
based on seismological and magnetotelluric sounding datand Kon&ny (1998).
(modified after Lenkey, 1999; Hoath, 1993; Spakman et The areal type (extension-related) silicic volcanics are rep-
al., 1993; Bielik et al., 2000). A rather thin lithosphere of the resented by dacites to silica-rich rhyolites form extensive
Pannonian basin is surrounded by a thick, continental typesheets of tuffs and ignimbrites, with dome/flow complexes in
lithosphere. The apparently thick lithosphere in the Vrancasource areas. They are generally peraluminous, correspond-
region, accompanied by deep seismicity, is interpreted inng in composition to S-type granite magmas. The fact that
terms of ongoing subduction. The thick lithosphere westvoluminous areal type silicic volcanics mostly do not asso-
of the Pannonian basin corresponds to the collision orogeneiate with intermediate or mafic rocks indicates that silicic
of the Eastern Alps with considerable shortenning (Lillie et rocks of this type are most probably of crustal origin. Iso-
al., 1994). Absence of thicker lithosphere underneath thdopic data indicate a dominant crustal component (Salters et
Carpathian arc rules out a collision as the principal tectonical., 1988). However, initiation of magma generation by par-
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Fig. 1. Asthenosphere upwelling and relics of subducted lithosphere slabs below the Carpatho-Pannonian region — geophysical evidence.
For commentary see text.

collision zones

tial melting in the mantle is indicated by isotopic evidence apiric uprise of the asthenospheric mantle associated with
suggesting a “mantle component” in silicic magmas and byemplacement of mantle-derived hydrous basaltic magmas at
a rare occurrence of andesites of the same ages{@y et the base of a relatively thick continental crusbkg, 1988;

al., 1995). It follows that required crustal anatexis was mostLexa and Konény, 1998). Downes (1996) has proposed an
probably caused by heating induced by extension-related dialternative model of lithospheric delamination, bringing hot
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asthenospheric material into direct contact with crustal mathe medium-K type, showing a great deal of similarity with
terial to explain anatectic melting of the crust. So, in eitherandesites of evolved island arcs and continental arcs. In the
case, presence of these magmas implies initial stages of thease of Tibles-Toroiaga intrusions, Calimani volcanoes, and
back arc transtension and extension affecting relatively thickHargita volcanoes there is even a correspondence with high-
continental crust and related back arc diapiric uprise of asK andesites of continental margins (Kgitik andZec, 1995;
thenospheric mantle (e.g. Lexa and Kong 1998). Lyashkevich, 1995; Seghedi et al., 1995). Some of the inter-
The areal type (extension-related) andesite volcanics areally situated andesite occurrences show to various degrees
represented dominantly by intermediate to basic andesitegelative potassium and incompatible element enrichment (a
in the form of stratovolcanoes with a substantial presencdransition to the shoshonitic trend). The strongest shoshonitic
of subvolcanic intrusive rocks and differentiated rocks ascompositional features have been observed at the western
dome/flow complexes and or pyroclastic horizons (Gyarmati,end of the andesite arc in small intrusions near Uhersk
1977; Konény et al., 1995a; Rosu et al., 1998; Kapet al.,  Hrad®te (Pgichystal et al., 1988) and at the eastern end of the
1998). Subordinate late stage rhyolite volcanics are preserdrc in lava flows near Bixad and Malnas, Southern Hargita,
in some regions. In the northeastern part of the PannonRomania (Seghedi et al., 1995). Geochemical characteristics
ian basin areal type andesite volcanics alternate with abunas well as the space-time distribution of these volcanics were
dant products of the areal type silicic volcanics (Gyarmati, controlled directly by ongoing subduction processes in the
1977; Fecskay et al., 1995). The areal type andesite vol-same way as it is known from active island arcs in the Pacific
canics are mostly of the high-K type, showing compositionaland Mediterranean. In the case of the Calimani — Ghurghiu —
features comparable with andesites of continental margin#iargita volcanoes in the Eastern Carpathians various aspects
(Lexa and Konény, 1998). Rare shoshonitic andesites (Styr- of the petrologic model were discussed in detail by Mason
ian basin) and adakites (Apuseni Mts.) have been reporteét al. (1995, 1996) and Seghedi et al. (1995). Nekret al.
recently (Fecskay et al., 1995; Rosu et al., 2001). An in- (1998) argued that volcanics of this type might also be gener-
terpretation of trace element contents and Sr, Nd, Pb and @ted owing to detachment of the subducting lithosphere slab.
isotopic compositions (Salters et al., 1988; Downes et al.Using the analogy of active volcanic arcs, the presence of the
1995a) indicates a source of primary basaltic magmas in enarc type basaltic andesite to andesite volcanics indicates: (1)
riched asthenosphere (lithosphere?), with subsequent corareal and deep reaching subduction, (2) the extent and geom-
tamination by crustal materials. Further evolution of magmasetry of the subduction zone, (3) the time at which subducting
involved both high- and low-pressure fractionation, assimi-lithosphere reached the magma generation depth and/or the
lation, anatexis of crustal material, and mixing (Lexa et al., time of the lithosphere slab detachment, (4) duration of the
1998). Lack of a space and time relationship to active subsubduction process.
duction, and a close relationship in space and time to basin Alkali basalt volcanics are represented by alkali olivine
and range type extension tectonics in the back-arc settindpasalts, nepheline basanites and rare trachybasalts, hawaiites,
(Kaligiak et al., 1989; Nefipk and Lexa, 1990), support a trachytes and potassic alkali rocks (MihalikoandSimova,
petrological model in which magma generation is initiated by 1989; Harangi et al., 1995; Dobosi et al., 199%cBkay et
decompression partial melting of the enriched athenospheral., 1995). They make up dispersed groups of maars, tuff
and/or lithosphere owing to athenosphere upwelling and re€ones, cinder cones, lava flows, diatremes, necks and dykes.
lated lithosphere delamination (Lexa and Kéng 1998; Petrologic aspects of alkali basalt volcanics were recently
Rosu et al., 2001). Presence of extension-related areal typevaluated by Embey-Isztin et al. (1993), Dobosi et al. (1995),
andesite volcanics (including shoshonites and adakites) inbownes et al. (1995b) and Harangi et al. (1995). Alkali
dicates (1) a preceding stage of subduction responsible fobasalts and nepheline basanites are products of decompres-
mantle enrichment especially in volatile components, (2) ad-sion partial melting in depleted asthenospheric mantle with
vanced stages of the back arc extension affecting progresa variable relict (especially isotopic) subduction signature.
sively thinning crust, and (3) related advanced diapiric upriseComposition of magmas was controlled mostly by degree of
of asthenospheric mantle. partial melting, less important were processes of fractiona-
Arc type (subduction-related) basaltic andesite to andesit¢ion leading to trachytic and potassic compositions. Recent
volcanics are represented mainly by andesite stratovolcanogwocesses of diapiric uprise in the mantle related to genera-
with subordinate differentiated rocks and/or subvolcanic in-tion of alkali basalts in southern Slovakia are indicated by PT
trusive rocks (Kaltiak andZec, 1995; Szakcs and Szegedi, conditions of equilibration of mantle xenoliths, which fall on
1995). Extrusive domes and/or shallow intrusions are preserthe adiabatic trend in the depth interval 50-90 km (Huraiov
only at the westernmost and Tibles-Toroiaga segments of thand Kon&ny, 1993; P. Konény et al., 1995). So, the pres-
volcanic arc. Alignment of volcanoes (extrusive domes, in-ence of alkali basalt volcanics indicates: (1) arrival and in-
trusions) parallel to the Carpathian arc is the most promi-volvement of asthenosphere not affected by subduction pro-
nent structural feature. A large proportion of basaltic an-cesses, (2) a local diapiric uprise in the asthenosphere with a
desites and generally lower content of potassium and incomlarge enough vertical displacement to generate alkali basalt
patible elements in comparison with the areal type andesitenagmas, (3) an end of the convergence and subduction pro-
volcanics are characteristic from the compositional point ofcesses in the closely situated segments of the arc, (4) an ex-
view. These basaltic andesites and andesites are mostly eénsion environment owing to continuing subduction in the
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eastern segment of the arc (Néok et al., 1993). ing Late Pannonian to Pleistocene times (9—1 Ma). Progres-

Subduction in the eastern part of the Penninic-Magurasive detachment of the sinking slab would explain the well
realm is not directly evidenced by contemporaneous vol-known migration of volcanic activity, especially in the case
canic activity. However, itis indirectly evidenced by younger of the Calimani-Ghurghiu-Hargita mountain range (Saak
extension-related volcanics (which require a preceding suband Seghedi, 1995; Linzer, 1996). The present day associa-
duction process for mantle enrichment). Absence of con-ion of the last remnant of the sinking slab (Vrancea seismic
temporaneous volcanic activity indicates either a low anglezone) with the recent volcanic activity at the southern tip of
subduction or subduction under conditions of general and faHargita confirms such a model.
reaching compression (e.g. Néok et al., 1998). This infer-
ence is supported by the Early Miocene palinspastic recon-
struction (Fig. 2), in which the Western Carpathians are a pars  Asthenospheric upwelling (diapiric uprise) in space
of the Alpine orogenic belt (Pienka and Ko&t, 1999). and time

Evolution of subduction processes in the Krosno-

Moldavian realm is well recorded by inversion of the rele- Areas of thinned crust and lithosphere corresponding to ex-
vant basins as well as by the arc type basaltic andesite téensional back arc basins localize places of asthenospheric
andesite volcanic activity. The volcanic activity was short- mantle upwelling during the Neogene. Their present posi-
lived creating just one generation of stratovolcanoes, extrution has been documented by thermal modeling, the former
sive domes and/or intrusions, with the exception of the segone is indirectly localized by spatial distribution of the areal
ment between the Western and Eastern Carpathians, whetgpe (extension-related) silicic and andesitic volcanism.

two or three successive arcs have been identified (Lexa et The areal type silicic volcanism started in the western part
al., 1993; Lexa and Korimy, 1998). The overall pattern of of the back arc basin during the Early Miocene. According
the volcanic arc shows that the volcanics are getting youngeto Pécskay et al. (1995), it is known from the area of north-
eastward (Bcskay et al., 1995). As the time of volcanic ac- ern Croatia and southwestern Hungary, as well as in northern
tivity in the given segment of the Carpathians correspondgungary (formerly one volcanic field separated by younger
roughly to the last thrusting in the front of the accretionary transform faulting; Csontos et al., 1992). The volcanism in-
prism in that segment (compare Figs. 4a, b—6a, b), the subdirectly testifies that subduction of the Penninic-Magura slab
duction zone was at the time of magma generation in its finaleastern segment accelerated and steepened(?) during Late
stage of evolution or even in a state of lithosphere slab deEggenburgian-Ottnangian time (20-18 Ma) and that the re-
tachment. Their relative positions with respect to the trace oflated Early Miocene back arc transtension/extension coupled
the former subuction zone (gravity minimum) indicate that with the asthenospheric mantle upwelling took place rela-
the subducting slabs had reached a magma generation deptiely far behind the active orogenic front, in the hinterland
of 120-150 km (Ninkovich and Hayes, 1972) when they wereof the Western Carpathians (Fig. 2c, d).

almost vertical. The timing of volcanic activity implies also ~ During the Karpatian and Early Badenian times areal type
a division of the subducting Krosno-Moldavian slab into two silicic volcanism was active in the area of northeastern Hun-
major segments (corresponding roughly to northwestern angary and extended northeastward into the Transcarpathian
southeastern parts of the Eastern Carpathians). basin. During the Middle Miocene, areal silicic volcanism

In the northwestern part of the Eastern Carpathians (andvas concentrated in the hinterland of the Eastern Carpathi-
the eastern part of the Western Carpathians) subductioans (northeastern Hungary, Transcarpathian basin and Tran-
started during Karpatian time (17.5-16.5Ma) and the sink-sylvanian basins; &skay et al., 1995). This type of vol-
ing slab reached magma generation depth during Late Badesanic activity indirectly testifies about the start of subduction
nian/Early Sarmatian time (14.0-12.5Ma). Longer lastingin the Krosno-Moldavian flysch zone, which took place in
volcanic activity with migration of the volcanic axis towards the Karpatian/Early Badenian time (17—-16 Ma) in the north-
the subduction zone in the Transcarpathian basin realm (Lexwestern part of the Eastern Carpathians and during the Late
and Koné&ny, 1998) indicates a greater width of the sub- Badenian/Early Sarmatian time (14-13 Ma) in the southeast-
ducted crust in this segment of the arc (around 200-300 kmrn part of the Eastern Carpathians. The relevant Middle
and records the subduction zone verticalization from abouiMiocene back arc extension was coupled with the diapiric
50 degrees at Early Sarmatian to about 70 degrees duringprise of asthenospheric mantle in the hinterland of the East-
Early Pannonian (11-9.5 Ma). ern Carpathians (Fig. 3c, d and Fig. 4c, d).

In the southeastern part of the Eastern Carpathians very Transtension and initial rifting of the back arc basin
short-lived arc type volcanic activity can be interpreted ei- marked by the areal silicic volcanism was followed by a
ther as an indication of a limited width of the subducted crustsynrift stage coupled with the areal andesite volcanism and
(probably not over 200 km) or even as an indication of de-basin and range tectonics. Related crustal thinning and ad-
tachment of the sinking slab from the platform margin dur- vanced diapiric uprise of asthenospheric mantle took place
ing volcanic activity (Spakman et al., 1993; Néok et al., first in the western part of the back arc realm in the Styrian
1998). Subduction started during Late Badenian times (14.5-basin, Danube basin, Central Slovakia and Northern Hungary
13.5Ma) and the sinking slab had reached the magma ger(Fig. 3d) during Karpatian — Early Badenian times (around
eration depth, from the north progressively southward, dur-16.5 Ma) and continued in the Central Slovakia and Northern
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Hungary untill the Sarmatian times (12 Ma). In the eastern5 Neogene development of the Carpatho-Pannonian
part of the Pannonian back arc basin, in the area of north- region-evidence connected with its structural evolu-
eastern Hungary and the Apuseni mountain range (Fig. 4d), tion

it took place during Late Badenian and Sarmatian times (14—

11 Ma). The Oligocene — Early Miocene evolution (25-20 Ma) of
the Carpatho-Pannonian region was governed initially by a
northward drift of the Adriatic microplate, leading in the

As discussed above, the areal type (extension-related) arfealm of the Eastern Alps to a collision of the orogene with
desite volcanics (including shoshonites and adakites) indithe European platform margin (Fig. 2). This collision re-
cate advanced stages of back arc diapiric uprise of asthensulted in compressive thrust tectonics in the Eastern Alps
spheric mantle and hence they indirectly testify about ad-and associated with the Rhenodanubian and Magura flysch
vanced stages of subduction in the relevant segments of theelt formation (Tollman, 1966, B et al., 1990, Pereson

Krosno-Moldavian flysch zone. According tceéskay et and Decker, 1997). Development of the WNW-ESE right

al. (1995) the oldest volcanics of this type are of Otnan-lateral strike slip zones in the Central Western Carpathi-

gian age (around 19Ma) in the southwestern part of theans (Fig. 2; at present striking WSW-ENE due to 80~90

Pannonian basin. Rather sporadically, there are also arcounter-clockwise rotation, Bfton and KoaC, 1998) can

desites of Karpatian age in the Danube basin and Mtra Mounbe considered as the first sign of fragmentation of the East-

tains. Early Badenian (16.5-16.0 Ma) andesite volcanics ar€rn Alpine — Western Carpathian lithosphere (initiation of a

much more widespread in the W, SW and NW parts of thefuture Alcapa microplate). These shear zones compensated

Pannonian basin (including shoshonitic rocks in the Styrianmovement of the Eastern Alps northward and their origin

basin). In northern Hungary and southern Slovakia volcanigoreceded lateral extrusion of the Alcapa lithospheric frag-

activity continued till the Late Badenian — Early Sarmatian ment into the Carpathian realm (Bianka and Ko&C, 1999;

(around 14-13 Ma)@skay, oral communication), while a Kovat, 2000).

longer lasting volcanic activity (untill the Early Pannonian,  Collision and steepening of the subducted plate in front

around 9 Ma) took place in the Central Slovakia Volcanic of the Eastern Alps resulted in flexural bending and rapid

field (Konetny et al., 1995a). In the NE part of the Pannonian subsidence of the platform margin, recorded by a thick pile of
basin the areal type andesite volcanic activity started in Latecorresponding autochthonous molasse deposits in a foredeep

Badenian times (around 14 Ma) and continued, includingat the boundary of the Eastern Alps and Western Carpathians

rocks of dacite composition, till Early Pannonian times (11— (Fig. 2c; JiiCek and Seifert, 1990).

9.5 Ma), alternating with periods of silicic volcanism. (How-  The Eggenburgian to Ottnangian (20-18 MA) active thrust

ever, in this region separation of the areal and arc type anfront of the Carpathian accretionary prism was formed in the

desite volcanics is questionable.) In the Apuseni Mountainghorth by nappes of the Magura and Dukla units (&bet al.,
areal type andesite volcanics erupted in several phases dut998, Kowg, 2000). A back-thrusting of the Pieniny Klip-
ing Late Badenian to Early Pannonian timse (14.5-9.3 Ma).pen belt elements over the front of the Central Carpathians

Late Pannonian (7.4 Ma) basaltic andesite occurrences neand related folding of the Paleogene sediments took place at

Detunata are the youngest in this region. the same time on the internal side of the accretionary wedge
(Pla8ienka et al., 1998), indirectly suggesting that the sub-
ducting microplate was represented by lithosphere formerly

The stage of postrift thermal subsidence in the Pannonunderlying the Magura nappe (Fig. 2c).

ian back arc basin system (sensu Hahy 1993) associated The Alcapa escape started during the Ottnangian (18—

with alkali basalt volcanics. Sporadic and dispersed vol-17.5Ma; (Ratschbacher et al., 1991a, 1991b; Pereson and

canic activity of alkali basalts took place in pulseg€¢Bkay  Decker, 1997). Further drift of the microplate was controlled
et al., 1995): volcanic activity started in the Styrian basin by continuing subduction rollback in front of the Carpathi-
and Great Hungarian Plain area during the Pannonian, theans. A tear between the Rhenodanubian and Magura flysch
it continued in several episodes during the Pontian, Pliocenehasement accelerated sinking of the easternmost segment of
and Pleistocene along the margins of the Transdanubian Certhe Peninnic-Magura plate (K&, 2000). An oblique col-

tral Range and at the northern margin of the Pannonian basilision of the Alcapa microplate with the European platform

system (Novohrad basin), with a few Late Pliocene — Pleis-margin (Bohemian massif) resulted in the 40>s@unter-

tocene occurences also in the southern part of the Transyklockwise rotation of the Western Carpathian segment at the
vanian basin (Figs. 5, 6). As mentioned above, alkali basalend of the Ottnangian (&tton et al., 1995, 1996; Ka& and

volcanism in the region reflects an extensional environmenfTanyi, 1995; Ko et al., 1998; Krs et al., 2000).

owing to continuing subduction in the eastern segments of Structural evolution of the early “Pannonian back arc

the arc (Nemok et al., 1998), local diapiric uprise in the basin” was dominated by an extensive drift of the unamal-

asthenosphere with sufficient vertical displacement to gengamated microplates Alcapa and Tisza-Dacia, accompanied
erate alkali basalt magmas, and arrival and involvement olocally by transpression and/or transtension. The occur-
asthenosphere not affected by subduction processes, brougignce of the Eggenburgian — Ottnangian silicic volcanics at
into the area probably by compensating asthenosphere flowthe SE edge of the Alcapa microplate and at the NW edge
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of the Tisza-Dacia plate points to an extensive right-lateral1993; Soék et al., 1993; PKenka, 1995; PEenka et al.,
displacement along the SW-NE trending transform fault of 1997; Baath et al., 1997). Rifting in the western part of
the “Mid-Hungarian line” (e.g. Bergerat, 1989; Nagymarosi, the Alcapa microplate leading to the evolution of the Styrian
1990; Csontos et al., 1991, 1992; Fodor, 1992; &oet al.,  and Danube basins was accompanied by extension-related
1994). Volcanic activity took place in a terrestrial or shal- andesite (shoshonitic andesite) volcanic activity (Ebner and
low marine environment indicating a relatively thick crust Sachsenhofer, 1995gBskay et al., 1995). Related stretch-
and initial subsidence in transtension zones (Fig. 2b, c). ing during the Karpatian and Early Badenian time has been
During the late Early Miocene and early Middle Miocene estimated at 80 km (Tari and Hdath, 1995).

(17.5-15Ma) subduction of the former Magura flysch bas- \wnijle back arc extension in the western part of the Pan-
ment reached the stage of detachment. Evolution of thgonian back arc basin reached during Karpatian to Early
Carpatho-Pannonian region was dominated mostly by a furgadenian times its advanced stage, in the eastern part of the
ther subduction rollback at the orogenic front of the next seg-pannonian basin it was in an initial stage, accompanied by
ment (Fig. 3; Koe et al., 1998; Ko&c, 2000). Tension in  Early Badenian silicic volcanic activity (Fig. 3b, c). Zones
the subducting plate, involving now lithosphere underlying of active extension and volcanic activity localize areas of the
formerly the Krosno nappes (Royden etal., 1993a, b), causegsthenosphere uprise. Hence we may conclude that during
widespread stretching in the overriding, partially amalga- karpatian and Early Badenian times an intense diapiric up-
mated microplates Alcapa and Tisza-Dacia (Csontos, 1995)ise of asthenosphere took place in the area of the Styrian
expressed in the synrift stage of the back arc basin systergnd Danube Basins (Figs. 2d, 3d), while an initial stage of
(Horvath, 1993). asthenosphere uprise (upwelling) is assumed in the areas of
The active front of the accretionary prism moved during Ng Hungary and N Romania. These processes corresponded
this time interval to the front of the Waschbefgdnice, {5 the advanced and initial stages, respectively, of subduc-
Pouzdgany, Subsilesian/Silesian, Skole, Skiba and Tarcagon of the northwestern and southeastern segments of the
nappe groups, thrusted over sediments of the internal parts a¢,osno-Moldavian plate (Fig. 3d).
the foredeep WhiCh. had b??n deposited on slopes of,tt\e Eu- During the Middle Miocene time (15-11.5 Ma) the evolu-
rec:g?aqg;gfiggérgéii’;;i%k,lg%?,Sir(:gljlésgfuo,lg(gg- M tion of the Carpatho-Pannonian region was still dominated
" ' ' ‘ PR ! ' y subduction at the orogenic front and diapiric uprise of as-
tenco, 1998). These units were incorporated in the Uppe[henospheric mantle in the back arc region (Fig. 4).

plate and their former basement was added to the sinking ) . )
plate. The Middle to Late Badenian active front of the accre-

The final subsidence of the detached lithosphere fragmentionary prism was represented by overthrust of the Subsile-
representing the former basement of the Magura nappe (thgian/SiIesian nappe over sediments of the external part of the
eastern segment of the Peninnic-Magura plate) and the iniforedeep at the northern part of the Carpathian arc (Fig. 4a).
tial stage of subduction in the outer Krosno-Moldavian flysh In the eastern part of the Carpathian arc overthrusting of
basins, limited at this time to its northwestern part (Fig. 3c, the Skole-Skiba-Tarcau nappes over the Borislav-Pokuty and
d), accelerated lateral extrusion of the Alcapa microplateMarg'na| Folds zones activated folding in the internal part
from the East Alpine collision zone. The northward drift of Of the foredeep, which was finally accreted as the Sambor-
the Alcapa microplate was marked at its NW side by a systenfR0zniatov and Folded Neogene Molasse units (Oszczypko
of left-lateral transform faults responsible for initial opening @nd Slaczka, 1989; Sandulescu, 1988; Matenco, 199&dov

of the Vienna Basins by a pull-apart mechanism (Royden et al., 1998). Compression in the accretionary prism re-
1988; Fodor, 1995; Kat et al., 1997). flects the Badenian and later Sarmatian tectonic phases (San-

Steepening and detachment of the Magura nappe basélulescu, 1988; Oszczypko and Slaczka, 1989; Oszczypko,
ment is proven indirectly by a temporary fast subsidencel997). Coupling to the subducting plate retreating north-
in the western segment of the Carpathian foredeep durinfaStward in front of the Alcapa microplate and eastward in
the Karpatian, followed by a rebound during the Middle — front of the Tisza-Dacia microplate, caused a continuous in-
Late Badenian (Ko&: et al., 1989, 1998 Tomek and Hall, tense stretching in overriding microplates (Royden, 1993a,
1993; Meulenkamp et al., 1996). Docking of the Alcapa b, Csontos, 1995, K@ et al., 1998). The back arc realm
microplate in the European platform margin owing to the Was dominated by the synrift evolutionary stage of exten-
Krosno-Moldavian plate subduction roll-back was a reasonsional basins in the western as well as eastern parts (e.g. Vi-
for the following 30 counter-clockwise rotation of the West- €nna, Danube, Transcarpathian basins, early rifts of Apuseni
ern Carpathians at the end of the Early BadeniamgT and Mountains, etc.) and by a general uplift in the area of the
Kovat, 1991; Kowt and Tunyi, 1995; Marton et al., 1992, Great Hungarian Plain basins during the Sarmatian (Meu-
1995; Tunyi and Marton, 1996; Ko@ and Marton, 1998). lenkamp et al., 1996).

Tectonic evolution of the Pannonian basin realm was at The Middle Miocene evolution of the Carpathian arc and
the same time dominated by extensive stretching. Unroofingelated back arc basins documents not only compensation of
of the lowermost tectonic elements (Penninicum, Vahicum,the subduction rollback by diapiric uprise of asthenospheric
Inacovce-Kritschevo unit) took place in the western and eastmantle in the back arc realm, but at the same time it docu-
ern parts of the Alcapa microplate (Tari etal., 1992; Hdhy ~ ments also a segmentation of the arc, by the contrasting evo-
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lution in the Western Carpathians, NW part of the Easternreflects a corresponding change in the western and cen-
Carpathians and SE part of the Estern Carpathians. tral parts of the Pannonian back arc basin system (&tbrv
In the West, the final amalgamation of the Western 1993; Csontos and Hoath, 1995; Meulenkamp et al., 1996;
Carpathians to the platform is documented by the graduaKovéacet al., 1998).
collision of the Alcapa microplate with the continental mar-  The active front of the accretionary prism during the Late
gin from the SW towards the NE, as well as by timing of core Miocene and Pliocene time was represented by Folded Neo-
mountain uplifts using results of fission track datingitik, gene Molasse thrusted over sediments of the external zone
1979; Kowcet al., 1994). The stretching related to the di- of the foredeep (Sandulesu, 1988; Matenco, 1997). Ac-
apiric uprise of asthenospheric mantle (sensu Huismans aive thrusting and subduction were limited to the south-
al., 1996) in the western part of the Pannonian basin resultedastern part of Eastern Carpathians (Fig. 5a, b), on both
in the NW-SE oriented extension (Fig. 4a, b, lbwt al.,  sides bounded by active transform fault systems, visible
1993; Lankreijer et al., 1995; Lankreijer, 1998). quite well even in the recent morphology (Matenco, 1997).
In front of the NW part of Eastern Carpathians (West- The youngest movements at the southern tip of the Eastern
ern/Eastern Carpathians boundary), thrusting of the SubsileCarpathians are of Late Pliocene to Pleistocene ages. The
sian/Silesian and Skola nappes over the external part of thgreat thickness of the Late Pliocene and Pleistocene sedi-
foredeep was concluded in the Sarmatian. The observed naments in front of the accretionary prism (due to deep subsur-
rowing of the subduction related compression zone (accreface load), affected recently by a rebound, points to a recent
tionary prism of the Outer Carpathians) and correspondindithosphere slab detachment, still observable in the Vranca
approach of extensional basins closer to the rear of the accreseismic zone (Constantinescu and Enescu, 1984; Tomek and
tionary prism (Transcarpathian depression) reflected steepHall, 1993; Meulenkamp et al., 1996; Néok et al., 1998).
ening of the subduction zone preceding the final detachment Evolution of the Pannonian basin realm was differentiated.
of the subducted slab (Tomek and Hall, 1993; Neknet  Inthe western and central parts of the basin uplift and second
al., 1998). This fact can be proven indirectly by a rapid rifting took place, followed by a long lasting thermal subsi-
Late Badenian — Sarmatian subsidence in the foredeep odence (Lankreijer, 1998). The uplift reflected most probably
the Western — Eastern Carpathian boundary (Fig. 4c) due ta collision of the arc with the European platform in the north-
deep subsurface load (Kryziviec, 1997), followed by a fasteastern sector of the Carpathian arc (Sanders, 1999). Lo-
rebound after the final detachment of the subducted slab dureal extension (rifting) was related to continuing subduction
ing the Early Pannonian (Meulenkamp et al., 1996). in the southestern part of Eastern Carpathians. Evolution of
In the East, continuing subduction in the Eastern Carpathiextensional basins compensating subduction rollback contin-
ans resulted in NE-SW and E-W oriented extension in theued especially in the eastern part of the Transylvanian basin.
eastern part of the Pannonian basin, including the Apuseni The Late Miocene to Pliocene evolution of the Carpatho-
Mountains (Huisman et al., 1996; Kavet al., 1998). Thrust  pannonian region points clearly to coupling of the subduction
activity continued, the active front of the accretionary prism rollback and back arc diapiric uprise of asthenospheric man-
of the Moldavide nappes being represented by overthrustingle (Fig. 5d). The end of subduction processes was imme-
of the Folded Neogene Molasse unit over the external partiiately reflected in a transition from rifting to thermal sub-
of the foredeep (Matenco, 1997). The retreating subductiorsidence especially in the eastern part of the back arc realm
zone and related thrusting in the southeastern part of the Eas{Fig. 6). In the western part tectonic inversion dominated
ern Carpathians during the Sarmatian was compensated qMorvath and Cloetingh, 1996).
the boundary of the Eastern and Southern Carpathians by an
extensive right-lateral transform fault system (Ratschbacher
et al., 1993; Linzer, 1996; Matenco, 1997). 6 Mutual relationship of the subduction and back-arc
Middle to early Late Miocene development of the eastern  asthenospheric mantle upwelling
part of the Pannonian back arc basin realm documents move-
ment of lithospheric fragments confirmed by results of pale-It follows from the preceding review, that the Tertiary evo-
omagnetic measurements. The southern microplate (Tiszdution of the Carpathian-Pannonian system was governed by
Dacia) rotated during this time about®%6lockwise and up  gravity driven subduction of lithosphere underlying former
to 3(° counter-clockwise rotation was recorded in the Sarma-flysch basins. Subduction took place progressively from the
tian rocks in the eastern part of the Alcapa microplate (Tran-west eastward in three segments. Evolution of subduction in
scarpathian superunit) (Panaiotu, 1998; &bwand Marton,  each one of the segments followed roughly the same scheme:
1998; Marton et al., 2000). once a hinge of the migrating subduction zone reached the
Geodynamic evolution of the Carpatho-Pannonian regioncontinental margin, the early stage of subduction rollback
during the Late Miocene time (11.5-7 Ma) was marked bywas followed by the verticalization of the subduction zone
the end of subduction in the northwestern part of East-and final detachment (Royden, 1993b).
ern Carpathians and by related lithosphere slab detachment Evolving subduction in each one of the three segments was
(Tomek and Hall, 1993), while subduction continued in the compensated locally by asthenospheric mantle upwelling in
southeastern part of Eastern Carpathians (Fig. 5). A tranthe back arc realm, as far as 250 km from the active arc. It is
sition from active rifting to the postrift thermal subsidence important to note that the back arc lithosphere stretching was
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not uniform, but rather it concentrated into zones of intense Though the subduction and related asthenospheric mantle
stretching separated by less affected blocks. In such a casgpwelling were always contemporaneous in any given seg-
the zones of intense stretching are connected by a system ofient of the Carpatho-Pannonian system they did not take
transform faults. Timing of the asthenospheric mantle up-place at the same time in the whole system. Rather, we ob-
welling closely followed the evolution of subduction in the serve a progression from the west eastward. Here are the

relevant segment of the arc.

Subduction and asthenospheric mantle upwelling in the
back-arc realm represent mutually interrelated processes.
Driving forces were provided by a gravitational instabil-
ity of “oceanic” lithosphere resting over asthenosphere of
lesser density (e.g. Elasser, 1971; Jischke, 1975; Yokohura,
1981; Willeman and Davies, 1982). To explain their rela-
tionship one has to introduce the concept of asthenospheric
mantle flow, compensating for gravity driven subduction in-
volving a large scale subsidence of the higher density litho-
spheric slab (Dvorkin et al., 1993; Nurr et al., 1993; Royden,
1993b). Because asthenosphere behaves in response to long-
term stresses like a viscous liquid, the whole system is in
a metastable condition and overlying “oceanic” lithosphere
tends to submerge. However, this process involves an ex-
change of space and hence requires a free passage for related
asthenospheric counterflow — either under the sinking slab
(bottom flow) or at the sides of the sinking slab (side flow).

The asthenosphere bottom flow is rather ineffective, result- —

ing in very low subduction rates. Itis the asthenospheric side
flow which provides for the fast enough exchange of space,
its speed being controlled by the size of the submerging plate
segment, differential density, and the effective viscosity of
surrounding asthenosphere. In the case of the Carpathian arc,
confining continental lithosphere represented an obstacle for
the asthenospheric “sideflow” to take place. However, evo-
lution of the accretionary prism, back arc extensional basins,
and andesite volcanic activity testify about the division of the
subducting slab at least into three major segments separated
by deep reaching tears, allowing the asthenospheric “side-
flow” to take place around edges of the microslabs. These
segments (microslabs) correspond roughly to the Western
Carpathians, northwestern part of the Eastern Carpathians,
and southeastern part of the Eastern Carpathians.

7 Conclusions

Conclusions

main features:

The Neogene evolution of the Carpathian arc was driven
by subduction of lithosphere underlying flysch basins,
in three stages: (1) Late Oligocene to Early Miocene
subduction of the remnant oceanic lithosphere of the in-
ternally situated Peninnic-Magura flysch zone basement
— the corresponding suture zone follows the contact of
the Pieniny Klippen Belt with internal Magura units
(Kovéc et al., 1994); (2) late Early Miocene to Sarma-
tian and (3) Pannonian to Pliocene subduction of subo-
ceanic(?) lithosphere of the externally situated Krosno-
Moldavian flysch zone basement — the corresponding
suture zone follows the subsurface contact of the Eu-
ropean plaform with Carpathian elements, its approxi-
mate position being indicated by the axis of the gravity
low following the Carpathian arc (Tomek et al., 1989;
Tomek and Hall, 1993).

Related contrasting evolution of the accretionary prism,
as well as timing of initial inversion in the Outer
Carpathian flysch basins and final thrusting of the ac-
cretionary prism over foredeep sediments, makes it pos-
sible to distinguish three segments with a different his-
tory of subduction, roughly corresponding to the West-
ern Carpathians, northwestern part of Eastern Carpathi-
ans, and southeastern part of Eastern Carpathians.

— The timing and spatial distribution of the arc-type

(subduction-related) andesite volcanics indicate that
subduction processes were halted by verticalization of
the subduction zone, followed closely by detachment of
the sinking lithosphere slab from the continental margin
(Figs. 2d—6d). Final detachment of the sinking litho-
sphere fragments is confirmed by results of seismic to-
mography (Vortel and Spakman, 1992). Lithosphere de-
tachment in progress is indicated by the interpretation
of the Vrancea seismic zone at the southern tip of the
Eastern Carpathians (Constantinescu and Enescu, 1984;
Sperner et al., 2001).

— The generally short-lived volcanic activity of the arc-

Analysis of geophysical, geological, petrological, and
structural data points towards the present models, in which
the Tertiary evolution of the Carpathian arc and Pannonian
basin is interpreted in terms of the coupled system of: (1)
Alpine (A-type) subduction and compressive orogene belt
development due to compression by the Adriatic microplate,
(2) lateral extrusion of the Alcapa lithosphere from the
Alpine collision assisted by transform faults, (3) Carpathian

gravity-driven (B-type) subduction of oceanic or suboceanic -

lithosphere underlying former flysch basins and (4) back arc
extension associated with the diapiric uprise (upwelling) of
asthenospheric mantle.

type (subduction-related) andesite volcanics is inter-
preted either as an indication of a limited width of the

subducted lithosphere (300—-200 km in the NW segment
of the Krosno-Moldavian zone and less than 200 km
in the SE segment of the zone) or as an indication of
the progressive detachment of the sinking slab from the
platform margin during the volcanic activity.

The time interval of 8—10 Ma between the initial stage
of subduction and onset of the arc type basaltic an-
desite to andesite volcanic activity along the Carpathian
arc suggests an average subduction rate of 1.5-2.5cm
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a year. This estimate falls on the lower limit of rates Balla, Z.: The Carpathian loop and the Pannonian basin: a kine-
(2-25 cmlyear) derived by model hydrodynamic calcu- matic analysis, Geophys. Trans., 30, 4, 313-353, 1984.

lations (Nurr et al., 1993) for a microplate of oceanic Balla, Z.: Tertiary paleomagnetic data for the Carpatho-Pannonian
lithosphere 70 km thick, 500 km wide, and 500 km long. regioln in the light of Miocene rotation kinematics, Tectono-
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