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Abstract

A geodynamic model is proposed for the Mid-Miocene to Quaternary evolution of the southern East-Carpathians in order to
explain the relationships between shallow and deep geological phenomena that occurred synchronously during late-collision
tectonics.

In this area, an active volcanic zone cross-cuts since 2 My the suture between the overriding Tisza—Dacia and subducting
European continental plates. Mafic calc-alkaline and alkaline magmas (south Harghita and Persani volcanoes) erupted contem-
poraneously. These magmas were supplied by partial melting of the mantle lithosphere of the subducting, and not of the
overriding, plate. In an effort to decipher this geodynamically a-typical setting of magma generation, the spatial and temporal
distribution of shallow and deep phenomena was successively examined in order to establish the degree of their interdepen-
dence. Our model indicates that intra-mantle delamination of the subducting European plate is the principal cause of a
succession of events. It caused upwelling of the hot asthenosphere below a thinned continental lithosphere of the Carpathians,
inducing the uplift of the lithosphere and its internal decoupling at the Moho level by isostatic and mostly thermal effects.
During this uplift, the crust deformed flexurally whilst the mantle deformed in a ductile way. This triggered decompressional
partial melting of the uppermost mantle lithosphere. Flexural deformation of the crust induced its fracturing, allowing for the
rapid ascent of magmas to the surface, as well as reactivation of an older detachment horizon at the base of the Carpathian nappe
stack above which the Brasov, Ciuc and Gheorghieni hinterland basins formed by extension and gravity spreading. The rapid
subsidence of the Focsani foreland basin is controlled by the load exerted on the lithosphere by the delaminated mantle slab that
is still attached to it. In this model, crust—mantle decoupling, magma genesis and volcanism, local near-surface hinterland
extension are consequences of uplift, induced by asthenospheric upwelling triggered by intra-mantle delamination.

This model enables to conceive that delamination-induced decoupling began to be efficient 9.4 My ago at the northern end of
the East-Carpathians, when the mantle slab dipped westwards. Since then, intra-mantle delamination migrated laterally, normal
to the slab strike, and follows the arcuate shape (NW — SE — SW) of the Carpathians. Nowadays, whereas the mantle slab is
still actively foundering below the Vrancea seismic zone to the SE of the most recent volcanic area (South Harghita—Persani), a
significant southwestward shift of the delamination process can be discerned. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

One of the most puzzling features of the southern
East-Carpathians of Romania is the simultaneous
extrusion of Plio—Quaternary mafic alkaline and
calc-alkaline volcanics in closely spaced areas
(Fig. 1). In the Persani Mountains, a mafic alkaline
series consists of alkali- and trachy-basalts (Peltz et
al., 1971; Peltz and Bratosin, 1986; Downes et al.,
1995), yielding K—Ar ages in the 2.25-0.35 My
range (Casta, 1980; Mihaila and Kreuzter, 1981). On
the other hand, a calc-alkaline association occurs in
the South Harghita Mts, 40 km to the northeast of the
Persani Mts. This suite includes shoshonitic and high-
K andesitic basalts, high-K andesites and dacites
(Peccerillo and Taylor, 1976; Seghedi et al., 1986,
1987; Mason et al., 1996) that yielded K—Ar ages in
the 2.1-0.2 My range (Pécskay et al., 1995a; Szakacs
and Seghedi, 1995). These volcanics are the most
recent products of an eruptive cycle that began
9.4 My earlier and lead to the development of the
Calimani—Harghita calc-alkaline volcanic chain.

Whereas the Plio—Quaternary alkaline rocks were
commonly interpreted as a “within-plate” type asso-
ciation derived by partial melting of the asthenosphere
during a phase of lithospheric extension (Downes et
al., 1995), the calc-alkaline volcanics were interpreted
as being related to the subduction of the European
plate beneath the intra-Carpathian Tisza—Dacia
microplate. However, volcanic activity in the southern
East-Carpathians commenced only after large-scale
crustal shortening had ceased in the outer Carpathians,
around 10 My, and well after oceanic realms had been
closed during late Oligocene—Early Miocene times
(Ellouz and Roca, 1994; Linzer et al., 1998). To
explain this time-lag between the end of major crustal
shortening and lithospheric subduction and the onset
of calc-alkaline volcanism, earlier geodynamic
models invoke detachment and roll-back of the
subducted oceanic lithospheric slab (Csontos, 1995;
Mason et al., 1998; Seghedi et al., 1998; Linzer et al.,
1998), or delamination of the lower part of the litho-
spheric mantle from the lower plate (Girbacea, 1997,
Girbacea and Frisch, 1998). As already stressed by
Csontos (1995), these models fail to explain the
space and time distribution of alkaline and calc-
alkaline volcanism.

These models, apart from the one proposed by

Girbacea and Frisch (1998), do not integrate the
following three major constraints. (1) Regionally, the
southern East-Carpathians were affected by compres-
sional stresses during Pliocene—Quaternary times.
This is indicated by reverse faults and folds (Bandra-
bur et al., 1971) and by palaeostress analysis (Linzer et
al., 1998). On the other hand, at a smaller scale, the
internal parts of the southern East-Carpathians under-
went local extension, as indicated by the subsidence of
small Pliocene—Quaternary grabens (Girbacea, 1997,
Girbacea et al., 1998; Linzer et al., 1998). (2) The
strong seismicity of the Vrancea area, located 60 km
to the southeast of the South Harghita volcanoes, is
related to active “subduction” of high density mantle
slab, defined by frequent earthquakes ranging in focal
depths between 70 and 200 km. This nearly vertical
slab is attached to the European foreland lithosphere,
some 130 km to the southeast of its collisional suture
with the overriding Tisza—Dacia unit (Fan et al., 1998;
Wenzel et al., 1998, 1999). (3) The Pliocene—Quatern-
ary volcanic zone crosscuts the suture between the
overriding Tisza—Dacia and the subducting Europe
plates that is visualised on the seismic profiles
(Fig. 2; Radulescu et al.,, 1976; Mocanu and
Radulescu, 1994; Artyushkov et al., 1996).
Therefore, mafic magmas with alkaline and calc-
alkaline affinities necessarily originate from the
mantle below the lower and not the upper plate, i.e.
a mantle that has never had any relationship with the
assumed subducted oceanic crust. A fourth and new
significant constraint concerns the fact that alkaline
and calc-alkaline mafic magmas are likely products
of partial melting of the upper part of the mantle litho-
sphere of the subducting plate. This has been docu-
mented by a petrogenetic study of mantle xenoliths
coming from the mantle lithosphere of the lower plate
just below the most recent volcanoes (Chalot-Prat and
Boullier, 1997). In view of this new constraint, the
model of Girbacea and Frisch (1998) needs reapprai-
sal because it is not necessary to assume contamina-
tion of partial melts derived from the asthenosphere to
explain the development of calc-alkaline magmas
during the delamination of the lower mantle
lithosphere. The revised model integrates the physical
processes that affected the mantle lithosphere as well
as the crust during mantle delamination, as proposed
by Girbacea and Frisch (1998), but not the chemical
processes and the related partial melting effects. In our
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Fig. 1. (a) Location of the study area in the southern Eastern Carpathians (simplified after Girbacea and Frisch, 1998). (b) Tectonic blocks
(ALCAPA and Tisza—Dacia) whose convergence and continental collision with the European Plate resulted in the formation of the Carpathian

arc during Tertiary times (after Csontos, 1995).
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Fig. 2. Crustal profile through the Eastern Carpathians, showing the position of the studied Pliocene—Quaternary basins, volcanoes, and

Vrancea seismic zone (simplified after Girbacea and Frisch, 1998).

study, we postulate that there is a genetic link between
deep and shallow events and that their timing is essen-
tial. Major problems that had to be solved were not
only the partial melting conditions of the subcrustal
mantle, but also the rapid ascent of magmas through-
out the crust to the surface. Indeed, some of calc-
alkaline and alkaline mafic volcanics display primi-
tive mantle features, suggesting that magma
generation had been accompanied by the opening of
deep crustal fractures. Our model explains how and
why penetration of a subduction slab into the mantle,
disturbing asthenospheric convection, is able to
induce magma genesis, triggering crust—mantle
decoupling, and that ascent of magma to the surface.
The latter depends on the ability of the entire crust to
behave in a brittle way, which appears to be often
possible for only very short periods. Inasmuch as
this model allows to decipher the geodynamic evolu-

tion of the southeastern Carpathians during the last
17 My, it may contribute to forecast the future beha-
viour of this seismically and volcanically active area.

In the following we review all data available on
surface and deep events in an effort to explore their
“cause and effect” relationship and propose a new
interpretation for crust—mantle relationships in a
late-collisional setting.

2. Geological framework of the southern
East-Carpathians

The regional tectonic framework of the southern
East-Carpathians is well documented (Csontos et al.,
1992; Roure et al., 1993; Csontos, 1995; Artyushkov
et al., 1996; Girbacea, 1997; Matenco, 1997; Girbacea
and Frisch, 1998; Girbacea et al., 1998; Nemcock et
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Fig. 3. Timing of successive and coeval surface events in the southern Eastern Carpathians. The different curves represent the subsidence of
Focsani foreland, the uplift and the hinterland subsidence leading to the Brasov, Ciuc and Gheorghieni basin formation, while straight lines
represent the age intervals of the Late Miocene—Quaternary volcanic activity and of shortening of the internal part of the foreland.

al., 1998; Matenco et al., submit.). The East-
Carpathians consist of imbricated thrust sheets of
different ages, forming an internal and an external
part. The internal East-Carpathians consist of thick-
skinned nappes, involving Late Proterozoic (Sandu-
lescu, 1975) and possibly Variscan basement units
(Dallmeyer et al., 1998) that, together with their
Mesozoic sedimentary cover, were deformed and
incorporated into the orogenic wedge during
Cretaceous times (Sandulescu, 1975). The external,
Outer East-Carpathians, consists of thin-skinned
Cretaceous—Miocene turbidite nappes arranged in a
southeast-verging fold-and-thrust belt that underwent
maximum deformation during Cenozoic times
(Royden and Baldi, 1988). The present tectonic
position of the East-Carpathians is the result of the

Tertiary collision of the Tisza—Dacia microcontinent
(upper plate) with the European Plate (lower plate). It
is believed that this collision was preceded by roll-
back of the subduction zone (Royden, 1988, 1993)
and closure of a basin floored by a subductable ocea-
nic lithosphere (Csontos, 1995; Linzer, 1996). Plate
convergence stopped essentially during the Sarma-
tian, around 10 My (Fig. 3; Roure et al., 1993).
Refraction seismic profiles throughout the Intra-
Carpathian area (Fig. 2; Radulescu et al., 1976;
Mocanu and Radulescu, 1994) image the position of
the suture zone between the Tisza—Dacia and
European plates in the Harghita-Persani area, the
location of the youngest volcanic activity. Else-
where, the Internal Carpathian domain is characterised
by extensive calc-alkaline acidic, and alkaline and
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numbers concern the measuring sites listed in Table 1.

calc-alkaline mafic volcanism and the emplacement
of intrusive bodies during the time span of 20 My
(early Miocene) and 0.15My (Pécskay et al.,
1995b). Most of these volcanics are scattered through-
out the inner East-Carpathians, whereas a few were
emplaced at the northern and southern extremities of
the outer East-Carpathians (Csontos, 1995). The space
and time distribution of mafic volcanism of both affi-
nities is rather complex. Indeed, whatever their affi-
nity, the oldest eruptions occur rather in the centre of
the Carpathian—Pannonian area and the youngest ones
are located at its periphery, partly far away from the
Outer Carpathian front (Pécskay et al., 1995a,b). In
general, but not systematically, alkaline eruptions
followed the calc-alkaline ones in rather close sites.
Both types of eruptions can also occur simultaneously

at same site as in Central Slovakia (between 16—
14 My) and in South Harghita—Persani Mts (since
2 My; Csontos, 1995; Pécskay et al., 1995b).

The studied area covers those parts of the inner and
outer East-Carpathians that are bounded to the South
and North by the NW-SE-striking Trotus and
Intramoesian faults, respectively (Figs. 1 and 2). It
contains three different types of basins. (1) The
Focsani foreland basin that is located adjacent to the
Carpathian thrust front and contains up to 9000 m of
Neogene—Quaternary clastics with marine lithologies
until 10.5 My followed by continental lithologies, and
gently folded in the westernmost parts of the basin
(Motas and Tomescu, 1983; Jipa, 1983). (2) The
Brasov—Gheorghieni system of extensional hinterland
basins that contains up to 1000 m of Plio—Quaternary
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continental deposits (Girbacea, 1997; Girbacea et al,
1998) and is bounded to the west and northwest by the
Harghita and Persani zone of Plio—Quaternary mafic
eruptive centres. (3) The Late Cretaceous—Pliocene
Transylvanian basin that contains up to 4000 m of
predominantly marine sediments deposited in a fore-
land basin associated with the Apuseny Mountains
thrust system (De Broucker et al., 1998; Ciulavu,
1998 and refs. therein). The volcanic province of the
Persani Mts, with alkaline affinities, and the Harghita
Mts, with calc-alkaline affinities, also includes the

isolated 6.8 My old calc-alkaline Rupea volcano,
located 15 km northwestwards of the Persani Mts.
These calc-alkaline volcanoes form the southeastern
termination of the calc-alkaline Calimani—Harghita
volcanic chain. The seismically very active Vrancea
zone underlies the external parts of the thin-skinned
Outer Carpathian (Fig. 2). Seismic refraction data
indicate that the mantle lithosphere thins from about
100 km beneath the European foreland across the
Vrancea Zone to about 40 km beneath the inner
Carpathians and the Harghita and Persani volcanic
field where a low-velocity zone is recognised directly
below the Moho (Lazarescu et al., 1983; Nemcock et
al., 1998).

3. Supracrustal deformation and crustal fracturing
during volcanic eruptions

3.1. Timing of supracrustal deformation and
volcanism

The timing of supracrustal deformations and
volcanism is summarised in Fig. 3. The Focsani fore-
land basin began to subside around 16 My (Matenco,
1997), before the end of major crustal shortening
around 10 My. Uplift of the East-Carpathians began
around 12 My (Sanders et al., 1997; Sanders, 1998),
was paralleled by a dramatic subsidence acceleration
of the Focsani basin, and was shortly followed by the
onset of the volcanic activity. Subsidence of the
tensional hinterland basins began at about 4 My, and
was followed at 3 My by the shortening of the western
parts of the Focsani basin. The latter two phenomena
were associated with a dramatic increase in uplift
rates, leading to elevations of up to 2000 m. Since
2.25 My, the active volcanic area as well as the zone
of maximum subsidence in the Focsani depression
(Matenco et al., 1997) are shifting southwestwards.

3.2. Formation of the hinterland basin system

Since Pliocene times, the internal area of the
southern East-Carpathians was affected by SE-NW-
directed extension, controlling the subsidence of three
graben-like sedimentary basins, namely the Brasov,
Ciuc and Gheorghieni basins (Fig. 4a and b; Girbacea,
1997; Girbacea et al., 1998). These basins are super-
imposed on Carpathian nappes and contain up to
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1000 m  thick lacustrine—fluvial-volcaniclastic
(Bandrabur et al., 1971; Bandrabur and Codarcea,
1974). Based on faunal assemblages (Liteanu et al.,
1962; Samson and Radulescu, 1963; Radulescu et al.,
1965) and magnetostratigraphic data (Ghenea et al,
1979), sedimentation in these basins began around
3.8-3.6 My. A lava flow underlying the oldest forma-
tions in the Ciuc Basin yielded a K—Ar age of 4 My
(Pécskay et al., 1995a).

Extension is documented by well-developed NE—
SW-oriented normal faults and vertical joint sets
(Fig. 5a and b; Table 1). The estimated amount of
extension is between 14 and 22%, based on outcrop-
scale structures and an area-balanced kinematic
model for basin formation. In addition to kinematic
data indicating NW-SE extension, the individual
segments of the Brasov, Ciuc, and Gheorghieni basins
seem to be linked by strike—slip faults.

Basin formation was synchronous with accelerated
uplift rates of the entire area, amounting to a total of
1500-2000 m since 4 My (Fig. 3). The age and
amount of uplift was deduced from fission track
studies (Sanders et al., 1997; Sanders, 1998) and
deposition rates of coarse sediments supplied into
the foreland basin from the eroding orogen (Artyush-
kov et al., 1996; Sanders, 1998). As a consequence of
uplift and associated exhumation, the vertical stress
became the maximum compressive stress in rock
formations approaching the surface, whilst the hori-
zontal stress became the minimum compressive
stress, thus promoting extension (Price, 1966). There-
fore, uplift of the area is thought to be the driving
mechanism for the observed extension at upper crustal
levels, such that basins formed by “gravity spread-
ing”, a well-known and documented process during
rifting phases (Neugebauer, 1978; Houseman and
England, 1986).

Coeval with hinterland extension, the sedimentary
fill of the northwestern parts of the Focsani basin was
folded between 3 and 1 My (Sandulescu, 1975).
Taking into account seismic activity indicating
strike—slip motion along the NW —SE-oriented Trotus
and Sinaia faults (Girbacea et al., 1998), a kinematic
model was proposed to explain the observed deforma-
tion patterns (Fig. 6). In this model, uplift-induced
extension controls basin formation in the internal
part of the East-Carpathians, as well as shortening in
the foreland basin by southeastward gravity-driven

motion of the Carpathian nappes between the Trotus
and Sinaia faults (Fig. 6a); this involves the reactiva-
tion of a pre-existing detachment horizon at the base
of the fold-and-thrust stack (Fig. 6b). Until now, this
late compressional phase did not substantially affect
the regional subsidence of the Focsani basin (cf. Fig. 9
in Artyushkov et al. (1996).

3.3. Synchronous development of the Persani and
South Harghita volcanoes

For the Persani basalts, which yield K—Ar ages
between 2.25 and 0.35 My (Casta, 1980; Mihaila
and Kreuzter, 1981; Downes et al., 1995), palaeo-
magnetic data and faunal assemblages from lacustrine
sediments interbedded with lava flows indicate a late
Pliocene—late Pleistocene age (Peltz et al., 1971;
Ghenea et al., 1979). Eruptions were initially
phreatomagmatic, then pyroclastic with formation of
strombolian scoria cones (Seghedi and Szakacs,
1994). The basalts consist to 20% of olivine and
augite phenocrysts in a groundmass of plagioclase,
olivine, augite and magnetite microlites in a glassy
matrix (Peltz and Bratosin, 1986). Geochemically,
these rocks are alkali basalts and trachybasalts (clas-
sification of Le Maitre, 1989), rather enriched relative
to the MORB in titanium, alkalis, and also in the most
incompatible elements, such as Th, U, Ta, Nb, LREE
and also of Pb, Sr and Zr (Fig. 10; Peltz and Bratosin,
1986; Downes et al., 1995). Their Nd and Sr initial
isotopic ratios (Fig. 9) indicate an enriched mantle
source (Downes et al., 1995). This mantle source is
believed to be not a deep primitive mantle (Downes et
al., 1995) but the continental lithospheric mantle as
indicated by xenoliths brought to the surface by these
alkaline lavas (Chalot-Prat and Boullier, 1997; for
details see next section).

The South Harghita volcanoes were active between
2.1 and 0.2 My (Pécskay et al., 1995a; Szakacs and
Seghedi, 1995). Eruptions were mainly effusive
(flows and domes); explosive phreatomagmatic
and pyroclastic activity, with numerous pumice- and
ash-flows, played a secondary role (Szakacs and
Seghedi, 1995). The South Harghita volcanics are,
according to their K,0O/SiO, ratio and homogeneous
trace element patterns (Fig. 10; Mason et al., 1996;
Chalot-Prat and Boullier, 1997), calc-alkaline high-K
basalts, andesites and dacites, with a gradual increase
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Fig. 5. (a) Joint and data sets interpreted to reflect the Pliocene—Quaternary extensional event from the Eastern Carpathians hinterland (after
Girbacea and Frisch, 1998, modified). The fault planes are represented in equal area, lower hemisphere stereonets as great circles, with arrows
showing the direction of slip of the hangingwall. The joint planes are plotted in equal area, lower hemisphere stereonets as poles. Maximum
pole density is assumed to be parallel to the maximum direction of extension. The geographic position and kinematic parameters of these data
sets are listed in Table 1. (b) Orientation of Pliocene-Recent vertical joints (left) and normal faults (right).



92 F. Chalot-Prat, R. Girbacea / Tectonophysics 327 (2000) 83—-107

Table 1

The results of the kinematic analysis of data collected in the Bragcov—Gheorghieni basins, Persani, and Harghita mountains (fault-slip and joint
data). Outcrop numbers (No.) are located in Figs. 4a, b and 7 (Ages: Pz — Paleozoic; J — Jurassic; Cr — Cretaceous; Mc — Miocene; Pl —
Pliocene; P — Pleistocene; H — Holocene; E — Early; L — Late)

No. Age Location Lat. N/Long. E Bedding No. of data S S) s3° R® F°(°)
1-95 Cr 45°46'38"125°40'30" 054/12 4 074/11 325/59 170/29 0.546 10
3-95 EP 45°48'00"/25°4027" 220/12 61 132/9

8a—95 EP 45°52'27"125°36'32" 124/07 11 124/76 247/08 338/02 0.307 16
8b—95 EP 45°51'03"125°37'42" 128/10 36 316/2

10-95 ECr 45°52/24"125°54'31" 284/37 49 320/20

11-95 EP 45°57'53"125°50'46" 3 347/76 252/1 162/14 0.499 1
12-95 ECr 45°57'39"124°48'56" 125/46 46 320/8

13-95 EP 45°55'00"/25°47'28" 29 31372

14a-95 EP 45°52'30"125°46'38" 119/05 8 100/86 234/3 324/3 0.434 12
14b-95 EP 45°52/30"125°46'38" 119/05 32 302/10

15-95 EP 45°46'23"125°45"18" 23 307/5

16-95 ECr 45°55'22"125°59'00" 021/16 35 127/3

17-95 EP 45°55'49"126°00'08" 52 307/27

18a-95 Cr 45°58'46"126°00'52" 274170 9 307/84 59/2 150/5 0.444 10
18b—-95 Cr 45°58'46"126°00"52" 274/70 22 140/5

19-95 ECr 46°00"04"/26°01'10" 199/24 33 139/6

20-95 ECr 46°01'52"126°02'02" 215/61 24 137/3

21-95 EP 46°03'01"/26°02'09" 3 163/15 3/74 254/5 0.501 2
22-95 ECr 46°03'01"/26°01'48" 234/55 28 315/2

23a-95 Ec 46°03'01"/126°07'54" 291/24 4 144/77 4812 317/18  0.504 2
23b-95 Ec 46°02'56"126°07'54" 291/24 28 308/9

24-95 Ec 46°04'59"126°09'55" 283/19 18 136/2

26-95 ECr 45°53'32"7125°36/02" 293/60 23 321/3

28-95 EP 46°04'42"125°36'49" 102/15 25 308/7

29-95 EP 46°06'50"/25°34'31" 128/16 16 226/89 41/1 131/0 0.401 12
103-95 ECr 45°54'18"/125°28'32" 140/65 9 308/89  47/0 1371 0.474 8
1030-95 ECr 45°54'18"125°28'32" 140/65 10 129/22 284/63 34/10 0.866 13
104-95 ECr 45°51'22"7125°29'00" 230/17 12 150/86  47/1 317/4 0.510 18
1040-95 ECr 45°51'22"125°29'00" 230/17 12 295/2 29/86 295/4 0.525 5
105-95 ECr 45°50'02"/25°27'08" 135/19 11 253/85 51/5 14172 0.431 15
1050-95 ECr 45°50'02"/25°27'08" 135/19 8 300/6 44/67 208/20 0.261 13
107a-95 Ec 45°33/21"125°18'10" 160/47 12 206/65 19/48 113/3 0.591 8
107b-95 Ec 45°33/21"125°18'10" 160/47 9 156/14 31/66 251/19 0.556 9
110-95 J 45°37'40"125°29'58" 9 127/79 238/4 239/11 0.377 10
115a-95 J 45°3831"/25°37'00" 13 19/78 243/98 151/8 0.336 21
115b-95 J 45°38/31"/25°37'00" 23 105/28 313/59 202/12 0.358 21
1-96 Pl 46°18'02"125°47'24" 22 123/24

2a-96 Pl 46°19'41"/125°49'16" 11 20/84 218/5 12812 0.486 10
2b-96 Pl 46°19'41"/125°49'16" 8 138/14 337/75 229/5 0.485 7
2¢-96 Pl 46°19'41"/125°49' 16" 19 14477

3-96 Cr 46°15'53"125°58/39" 144/43 10 106/87 208/1 298/3 0.443 14
4-96 Cr 46°05'42"125°04'22" 111/16 20 158/8

5-96 Pl 46°04'58"125°50'04" 12 304/1 232/86 70/4 0.556 10
7-96 LMc—Pl  46°20'18"/25°48'10" 21 138/3

8-96 LMc—PI 46°21'52"125°42'02" 22 139/4

9a-96 LMc-PI 46°27'53"125°46'57" 7 327/8 210/74 59/14 0.534 14
9b-96 LMc-P1 46°27'53"125°46'57" 28 325/24

10a-96 LMc-PI 46°27'39"125°42'21" 14 46/83 217/7 307/1 0.453 12
10b-96 LMc-P1 46°27'39"125°42/21" 29 322/3

12-96 LMc-PI 46°30'45"125°4452" 21 136/4
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Table 1 (continued)

No. Age Location Lat. N/Long. E Bedding No. of data S S, s3° R® F°(°)
13-96 Pz 46°36'02"125°48'04" 5 323/3 203/84 53/5 0.455 13
14-96 Pz 47°37'30"125°44" 14" 8 136/13 331/76 227/3 0.481 9
15a-96 Pz 47°37'53"125°37'27" 12 336/3 239/69 67/21 0.534 7
15b-96 Pz 47°37'53"125°37'27" 35 137/12

16a—-96 Pz 46°50'22"125°29'03" 4 163/87 4072 310/3 0.362 16
16b-96 Pz 46°5022"125°29'03" 9 90/15 242/73 358/8 0.493 5
17-96 LMc-Pl 46°51'22"125°25'54" 9 111/20 262/67 17/10 0.474 3
18-96 P-H 46°04'44" 125°50'33" 36 306/17

19-96 Pl 46°06'30"/25°50"44" 47 319/20

20-96 Pl 46°07'22"125°51'13" 29 304/4

22-96 PI-P 46°01'51"/25°25'52" 25 245/86 48/4 138/1 0.452 12
23-96 PI-P 46°01'45"125°24'32" 11 215/86 59/4 329/2 0.524 6
24-96 PI-P 46°01'14"125°24'31" 6 359/85 220/4 130/3 0.456 10
25-95 PI-P 45°57'22"125°21'17" 17 23/87 221/3 131/1 0.476 10
26-96 PI-P 45°59'26"125°19'35" 12 123/85 232/2 322/4 0.478 6
27-96 PI-P 45°53/30"/25°53'10" 18 9/88 226/2 136/1 0.427 11
34-96 Cr 45°42'02"125°18'14" 11 188/40 347/48 88/11 0.623 21

* Data sets consisting exclusively of joints are those where only o3 is given, as the direction of maximum density of joint poles.

® R is the ratio between the stress magnitudes [R = (0, — 03)/(0; — 03)]. R defines the regime of deformation, as: plane strain, with R = 0.5
(deformation occurs only parallel to o and o3, and oy = 03, 0, = 0); axial extension (constriction), with R = 1 (shortening occurs parallel to
both o and o,); axial shortening (flattening), with R = 0 (extension occurs parallel to both ¢, and o3).

¢ F indicates the average value of the differences between the measured striae on fault planes and the orientation of the calculated maximum

compressive stress (o).

in K,O and decrease in SiO, for the youngest rocks
(Peccerillo and Taylor, 1976). This increase in K,0,
associated with an H,O enrichment, is reflected in a
change of the phenocryst composition from pyroxene-
bearing ones, through hornblende-, to biotite-bearing
ones (Seghedi et al., 1987). Hybrid magmatic
products, resulting from mixing of distinct magmas
during their ascent to the surface, are abundant
(Mason et al., 1996). In the southernmost part of
South Harghita Mts., two lava domes are described
as shoshonitic basalts due to their high K,O and low
SiO, contents, with a mineralogical assemblage of
olivine, clino- and ortho-pyroxene, and hornblende.
The Nd and Sr initial isotopic ratios of the most
mafic, and thus the most primitive products (Fig. 9;
Mason et al., 1996), are rather scattered and typical of
crust-contaminated mantle products. This hetero-
geneity of isotopic ratios, combined with a great
homogeneity of trace element patterns, is however
not believed to be a crustal contamination effect
during the rise of the magmas to the surface, as
assumed by Mason et al. (1996), but rather a source

effect (Chalot-Prat and Boullier, 1997). Therefore, we
propose that their source is likely in the subcontinental
mantle that was previously metasomatised by crustal
melts (Chalot-Prat and Boullier, 1997; for details see
next section).

The analysis of fault-slip data collected from the
south Harghita (Fig. 4b) and Persani (Fig. 7) scoria
cones indicates a general NW-SE extension direc-
tion, resulting in the development of normal faults,
domino, horst and graben structures (Girbacea, 1997).

In map view, the eruptive centres of the Persani
basalts appear to be aligned in two directions,
NE-SW and NW-SE (Fig. 7). The craters of the
Calimani—Harghita volcanic chain, that becomes
younger to the SE, are aligned along a NW-SE
trend only (Szakacs and Seghedi, 1995). Both direc-
tions are of regional importance in the southern East-
Carpathians. Nevertheless, only the NW-SE trend,
which is also the direction of local extension, is
thought to underline the orientation of major deep
supply conduits. Indeed it is assumed that SW-NE
deep fractures do not exist as they would have
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Fig. 6. (a) Kinematic model of the Brasov—Gheorgieni basin formation and foreland folding. The uplift-induced southeastward motion of a
crustal block between two strike—slip faults (Trotus and Sinaia) resulted in extension and basin formation in the hinterland, accommodated by
coeval shortening in the foreland (see Fig. 1 in Girbacea et al., 1998). (b) The crustal motion has taken place above a detachment horizon within
the fold-and-thrust belt (after Girbacea and Frisch, 1998; Girbacea et al., 1998, modified).

prevented horizontal detachment faulting at upper
crustal levels and basin formation by gravity spread-
ing. In the Calimani—Harghita chain, opening of a
“deep magmatic fracture” has progressively propa-
gated southeastwards since 9.4 My. However within
this chain, local N—S and NNE-SSW alignments of
volcanoes (Szakacs and Seghedi, 1995) are apparent
and indicate secondary fractures. This suggests that
opening of supply conduits at upper crustal levels
resulted from the interplay between a set of deep

and shallow fractures, the distribution of which
needs further mapping and structural analysis. In
any case, whether they played a major or minor
role, supply conduits are not randomly distributed
but are closely related to the regional tectonic
constraints. Moreover, it is noteworthy that the abun-
dance of differentiated magmatic products among the
Calimani—Harghita calc-alkaline series probably
reflects that crustal fracturing was not readily
achieved, restraining magma ascent.
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4. Delamination of the lower mantle lithosphere
and involvement of its upper parts in magma
genesis

4.1. Intra-mantle delamination model

An intra-mantle delamination model was proposed
to explain the Plio—Quaternary tectono-sedimentary
evolution of the East-Carpathians (Fig. 8). Physical
processes involved in this model are constrained by
the following observations. (1) Present seismicity in
the East-Carpathians is largely confined to the Vran-
cea zone where epicentres of earthquakes (up to
magnitude 7.4) define a 20/60 km wide and 130 km
long, sub-vertical high-density slab at depths between
70 and 200 km (Fuchs et al., 1979; Oncescu, 1984;
Fan et al., 1998; Wenzel et al., 1998, 1999); this slab

is thought to sink gravitationally into the astheno-
sphere as suggested by tensional focal mechanism
solutions (Oncescu, 1984; Oncescu and Trifu, 1987).
(2) This 130 km long slab is located 130 km south-
eastward of the Neogene suture between the Tisza—
Dacia and European plates (Fig. 2). (3) Thermal and
seismic models give evidence for thinning of the litho-
sphere across the Vrancea zone from about 100 km
under the European foreland to 40 km beneath the
internal East-Carpathians (Fig. 8; Radulescu et al.,
1976; Demetrescu and Andreescu, 1994; Mocanu
and Radulescu, 1994). (4) A high heat flow of up to
100 mW/m? below the volcanic area compares to 45—
55 mW/m? elsewhere (Geothermal Atlas of Europe,
1991; Mocanu and Radulescu, 1994). (5) The isotopic
signature of natural fluids exsolving presently at
surface (880 and 8D in waters, *He/*He, 8"C and
CH, in gas samples) attests to a dominant astheno-
spheric mantle contribution in the inner part of the
Carpathian arc (volcanic arc and adjacent Transylva-
nian Basin), and a dominant crustal contribution in its
outer Focsani basin part (Minissale et al., 1999).

The new interpretation of the deep lithospheric
configuration of the southern East-Carpathians by
Girbacea and Frisch (1998) implies that slab roll-
back and break-off induced delamination of the
European lower mantle lithosphere and upwelling
of the asthenosphere into the newly created space
(Sperner, 1996). Partial delamination of the
European continental mantle lithosphere, possibly
along a pre-existing rheological boundary of
unknown origin, was caused by slab-pull exerted
by the subducting heavy oceanic lithosphere still
attached to the European plate. Following activation
of this intra-mantle detachment level, the delaminat-
ing segment of the European lower mantle litho-
sphere, together with the attached oceanic slab,
rolled-back towards the foreland. By now, the dela-
minated segment stands nearly vertical beneath the
Vrancea zone, 130 km to the southeast of the suture
zone between the Tisza—Dacia and the European
plates. According to this model, the strong Vrancea
zone earthquakes, confined to the 130 km long dela-
minated continental lower lithospheric slab, are
caused by gravitational forces exerted on it by the
attached oceanic lithosphere.

At larger scale, tomographic studies indicate that a
mantle slab extends laterally below the northern
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Fig. 8. Delamination model proposed for the Pliocene-recent evolution of the Eastern Carpathians (after Girbacea and Frisch, 1998, modified).
This model suggests that, after the continental collision in Miocene times, break-off of the west-dipping subducting slab occurred at a depth of
70 km. Slab break-off propagated horizontally towards the east, inducing lithospheric delamination, counterclock-wise rotation of the dela-
minated lithospheric segment and movement of the Vrancea slab (seismically active due to ongoing pull of the oceanic lithosphere) into its
present position. Location of Fig. 11b is shown for a better understanding of the model.

branch of the East-Carpathian arc (Fan et al., 1998).
As observed by Wenzel et al. (1999), the uppermost
high-velocity material of this slab strikes roughly
SW-NE, suggesting lower mantle subduction to the
NW, while northwards the deeper portions of the high
velocity material are oriented more N—S, close to the
strike of the East-Carpathians. Presumably, this was
also the strike orientation of subduction before the
Vrancea segment was delaminated. Thus the direc-
tional change of mantle subduction, from N-S to
NE-SW, is likely preserved in the tomographic
image. Furthermore, seismicity, although mainly
confined to the Vrancea zone, becomes increasingly
more active southwestwards and westwards (Fan et
al., 1998). This possibly reflects lateral propagation
of continental mantle delamination below the
southern branch of the East-Carpathian arc.

The hypothesis of mantle delamination is rein-
forced by the presence of the deep Focsani basin
just above the area where the detached lower mantle
slab is still attached to the lithosphere. Indeed the
Neogene and recent high subsidence rates of this
basin are probably caused by the load exerted by

this heavy and vertically hanging slab on the overly-
ing continental lithosphere. In other words, the subsi-
dence of the Focsani basin reflects the isostatic
response of the lithosphere to a dramatic, though
local thickening of the lithospheric mantle in the
area of the Vrancea slab (Fig. 8), and not a thrust-
loaded downward flexing of the entire lithosphere,
as proposed by Royden and Karner (1984). The
south-westwards shifting of the actively subsiding
zone in the Focsani basin (Matenco et al., 1997)
would reflect in turn a shift of the delamination
process in the same direction.

4.2. Upper part of the subcontinental mantle, a likely
source of calc-alkaline and alkaline mafic magmas

As already underlined, the youngest volcanic area
cross-cuts the suture between the overriding Tisza—
Dacia plate and the subducting European plate. Thus,
the mafic volcanoes are necessarily fed by partial
melts from the mantle below the lower plate. The
upper part of the subcontinental mantle of this lower
plate, found as xenoliths in the Persani alkaline
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the subcrustal mantle during a orogenic event well before the occurrence of volcanic eruptions.

basalts, is thought to be the source of calc-alkaline and
alkaline mafic volcanics. This hypothesis is strongly
constrained by a petrological study of the subcrustal
mantle xenoliths (Chalot-Prat and Boullier, 1997).
The results of this study, the aim of which was to
decipher the nature of the relationships between the
subcrustal mantle and the mafic volcanics found at
surface, can be summarised as follows: the xenoliths
are samples of a subcontinental mantle, mainly repre-
sented by peridotites similar to those of the litho-
spheric mantle elsewhere below the European
continent. These peridotites are mainly secondary
lherzolites (metasomatic clinopyroxene (cpx)- and/or
amphibole (amph)-bearing harzburgites) cross-cut by
cpx or amph veins of metasomatic origin. This means
that the subcontinental mantle was initially a residual
mantle that successively underwent metasomatism by
percolation of melts, first in small quantities along
grain boundaries leading to formation of interstitial
metasomatic minerals and thus to secondary lherzo-
lites, and later in large quantities along fracture
systems leading to formation of monomineral (clino-
pyroxene; amphibole) veins cross-cutting the second-

ary lherzolites. From the major and trace element
compositions of metasomatic minerals (= products
of the reaction between host-rock minerals and a
percolating melt), these metasomatic events corre-
spond to the percolation of two different ultramafic
melts (M I and M II). The Nd and Sr initial isotopic
ratios of metasomatic minerals, interpreted in terms of
mixing in various proportions between a residual
mantle and the contaminant melts, suggest that these
melts originated from successive partial melting of a
source including a lower crust component (Fig. 9).
This source would correspond either to pyrope-bear-
ing eclogites from a deep and polymetamorphic conti-
nental crust, or to a carbonated and already crustally
metasomatised mantle, or even to a multilayer of both,
as often described at crust—mantle interfaces, for
example in the Alps (Aurisicchio et al., 1985; Godard
et al., 1996; Hermann et al., 1997; Martin et al., 1998;
Muntener and Hermann, 1996). The subcontinental
mantle of the East-Carpathians, below the European
lower plate, shows thus a long geological history. This
is a residual mantle which has been modified by
several crust recycling events during underthrusting



98 F. Chalot-Prat, R. Girbacea / Tectonophysics 327 (2000) 83—-107

a]
10000
B Melts i

1o0s . < calc-alkaline lavas
@
émo
2
£ 10
e

8 e e e e e I B SN S e s e e ae e s e S ]

Rb Ba Th Ta Nb La Ce Nd Sr Sm Hf Zr TI &1 Gd Tb Dy Er Yb Lu
[b]
10000
Ao Meltsll

1000 A [0 alkaline lavas
2 \
§ 100
E
:
@ 10

R e e e e e e e e e e T e e L S A

Rb Ba Th Ta Nb La Ce Nd Sr Sm Hf Zr TI Eu Gd Tb Dy Er Yb Lu

Fig. 10. Relationships, in terms of trace element spectra, between: (a) the contaminant melt M I and the calc-alkaline basic lavas (from the south
Harghita Mts); and (b) the contaminant melt M II and the alkaline lavas (from the Persani Mts) (after Chalot-Prat and Boullier, 1997; modified);

see text for explanations.

of lower crust into the mantle either at time of Tisza—
Dacia — Europe plate convergence and collision, or
more likely before during the Variscan and Protero-
Zoic orogenies.

From this, the following partial melting relation-
ships between mantle and erupted basalts are deduced.
The inferred bulk compositions of contaminant melts
are clearly different from those of alkaline and calc-
alkaline basic lavas. Indeed the relative proportion of
major elements is not the same and their trace element
contents relative to Primitive Mantle are much higher
(Fig. 10). Nevertheless, both contaminant melts show

strong positive anomalies in Th, Sr and Zr, as well as a
negative Ti anomaly. Both types of anomalies are
present, although attenuated, in the patterns of the
two types of lavas. In the same way, melts I and
calc-alkaline lavas on one hand, and melts II and alka-
line lavas on the other hand differ from each other by
displaying opposed Ta and Nb contents and different
REE fractionation patterns. Thus contaminant melts
and mafic eruptive magmas can be assumed to be only
indirectly related. Therefore, it is suggested that the
lavas originated by melting of peridotites already
metasomatised by melts I and II. This is supported
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by: (1) the similarity of isotopic ratios of alkaline
basalts and monomineral veins (Fig. 9), which
means that the alkaline basic magmas originate from
partial melting of secondary lherzolites rich in veins;
(2) the fact that the isotopic ratios of the most primi-
tive calc-alkaline lavas (Mason et al., 1996), although
they differ from those of the studied secondary lher-
zolites, lie on the mixing trend DM—MI. This simply
means that the mantle source of the calc-alkaline lavas
was secondary lherzolites but more metasomatised by
melt I than those brought up as xenoliths.

In summary, the upper part of the mantle litho-
sphere of the East-Carpathians, which is a residual
mantle, the composition of which was significantly
modified and diversified during previous orogenesis
by successive percolation of melts of mainly conti-
nental crustal origin, can be considered as the likely
source of calc-alkaline and alkaline basalts.

If the composition of the asthenosphere is that of a
residual mantle, as commonly accepted (Wilson,
1989), the lithospheric mantle clearly appears here
as a mixing interface between asthenosphere and
crust. We also note that transfer of continental crustal
material into the mantle has been repeatedly invoked
on the base of deep reflection- and refraction-seismic
surveys (Ziegler et al., 1995, 1998, 2000) to explain
an apparent layering and the occurrence of seismic
reflectors in the mantle lithosphere. These reflectors
were interpreted “as being related to shear zones and
relict subduction zones along which lower crustal
material was inserted into the mantle” (Ziegler et
al., 1995, 1998).

Another relevant observation in these mantle xeno-
liths is the occurrence of intergranular basaltic pock-
ets (less than 1 mm in diameter) filled by basaltic
glass, including a few euhedral spinel, olivine and
clinopyroxene crystals (Chalot-Prat and Boullier,
1997; Chalot-Prat and Arnold, 1999). These randomly
scattered basaltic pockets occur at triple points and
grain boundaries throughout the mantle fragment,
and are everywhere isolated from each other without
any connection with the host-lava of the mantle frag-
ment. They are believed to represent partial melting
effects during decompression of the subcrustal mantle
at depth, just prior to eruption. This process, already
invoked by many authors (Chazot et al., 1996 and refs.
therein; Yaxley et al., 1997; Lustrino et al., 1999),
requires a dramatic and sudden pressure decrease

associated with a volume increase of the material
and thus an increase of the available space. Moreover,
the periphery of these mantle xenoliths is eventually
microfissurated (max. outermost 2—3 mm) and even
in process of disagregation in the host-lava that often
infiltrated the xenolith along microfissures. These
cracking and infiltration processes are heterogeneous
at every scale, inducing damaging on the periphery of
the mantle fragment. The observed effects of this
fissuring, triggered by decompression of the mantle
fragment within magma ascending to the surface are
different from, and cannot be confused, with those of
melting pockets.

Thus, the mantle xenoliths brought to the surface
can be regarded as pieces of the subcontinental mantle
that were dislocated from just below the mantle—crust
interface during the melting process. This hypothesis
is fully supported by the seismic refraction data that
indicate the presence of a low-velocity zone (LVZ)
below the Moho, interpreted as a partially molten
mantle zone (Lazarescu et al., 1983). As this LVZ is
observed beneath the Plio—Quaternary volcanoes, it is
likely that it supplied the partial melts.

Nevertheless, eruption of primitive magmas
suggests that basaltic melts, expelled from the host—
mantle, migrated rapidly towards the surface through-
out a rather thick continental crust. Although density
gradients associated with gravity effects easily explain
the expulsion of basaltic melts from the host—mantle,
these must be injected under pressure into and
throughout the crust to prevent their storage at intra-
crustal levels. This requires a brittle behaviour of the
crust at the time of extrusion of such melts. However,
at the time of magma genesis, the response of the crust
depends not only on its rheological properties but also
on regional tectonic constraints (see previous chap-
ter). Thus, in the case where fusion occurs by decom-
pression, the rather localised and partially molten
zone then becomes an area of weakness that is
subjected to the surrounding lithostatic pressure.
Correspondingly, magma is forced out of this partially
molten zone and injected upward in the crust with
fractures paving the way for their ascent to the
surface. Obviously, magma eruption takes only
place when magma generation is synchronous with
fracturing of the entire crust, a timing taken into
account in the new geodynamic model presented
below.
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Fig. 11. Geodynamic model explaining together lithospheric uplift, volcanism and basin formation in the southern East Carpathians during the
Late Miocene—Quaternary times. (a) SW—NE profile showing fracturation of the crust leading to volcanic eruptions; (b) NW-SE profile
showing upper crustal detachment leading to hinterland basin formation by gravity spreading. The succession of events is as follows. (1)
Asthenospheric upwelling, itself induced by delamination of the lower part of the lithospheric mantle (see Fig. 8). (2) Temperature increase and
density decrease of the overlying lithosphere leading to its uplift. (3) Mantle—crust mechanical decoupling at MOHO level due to the density
gap existing between mantle and crust and the different rheological behaviour of each material; crust bends and fractures, while mantle deforms
in a ductile way, undergoes decompression and partial melting. (4a) Injection under pressure of magmas throughout the crustal fractures and
eruption at surface. (4b) Crustal extension and remobilisation, in the upper crust, of an old detachment horizon above which hinterland basins

form by gravity spreading towards SE (see Fig. 6).

5. “Cause and effect” of deep and shallow
processes: a new geodynamic model for the
southern East-Carpathians

Based on the data presented above, we propose the
following model summarised in Figs. 8 and 11. (1)
Delamination of the lower part of the European conti-
nental mantle lithosphere induces upwelling of the
asthenosphere and rapid thermal uplift of the remnant
lithosphere. (2) Under a tectonic setting of fast ther-
mal uplift of the lithosphere, partial melting of the
upper part of the mantle lithosphere is linked to
crust—mantle decoupling. (3) Uplift-induced fractur-
ing of the crust allows for forceful injection of
magmas into the crust and their eruption at the
surface. (4) Regional uplift of the crust is coupled
with upper crustal extension, controlling the develop-
ment of hinterland basins by gravity spreading above
a major supra-crustal detachment level.

In the southern East-Carpathians, the shallow and

deep processes, as well as their relative timing, are
best explained by the delamination of the lower part
of the European mantle lithosphere, giving rise to an
asthenospheric upwelling beneath the thinned litho-
sphere. The isostatic and thermal effects of the upwel-
ling hot and buoyant asthenosphere are responsible for
the uplift of the overlying lithosphere (Allen and
Allen, 1990; Lachenbruch and Morgan, 1990).
However, as crust and mantle have not only differ-
ent density, thermal expansion coefficient, textures
and compositions, a mantle—crust rheological decou-
pling occurred along the Moho. While the crust was
uplifted relatively faster than the continental mantle,
the crust deformed flexurally while the mantle
behaved in a ductile way and somewhat expanded
such that indeed none voids appeared. This rheologi-
cal contrast at the Moho level is able to explain: (1)
mantle melting without crustal melting; and (2) a brit-
tle failure throughout the crust facilitating volcanic
eruptions. Indeed, the temperature increase due to
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the asthenospheric rise and the pressure drop induced
by uplift being equal for both materials at the mantle—
crust interface, the decompression experienced by the
upper part of the mantle, in response to the crustal
bending, is believed to trigger its partial melting.
The melting pockets found in mantle xenoliths are
small-scale tracers of this decompressional event,
while the geophysically defined LVZ is a supporting
evidence of this decoupling process at a lithospheric
scale. Besides, decompressional partial melting of the
upper part of the mantle lithosphere and accumulation
of partial melts at the base of the crust enhanced, in
return, crust—mantle decoupling and induced further
uplift and bending of the crust, its brittle deformation
and the always brief opening of crustal-scale fractures
through which the mantle-derived magmas ascended
rapidly to the surface. Indeed the very short duration
of an eruptive period in the same site (Pécskay et al.,
1995a; Szakacs and Seghedi, 1995) implies that the
brittle behaviour of the lower crust is always a tran-
sient process.

During a phase of uplift rate acceleration, 4 My
ago, extension reactivated a pre-existing detachment
horizon at supra-crustal levels, above which the
hinterland basins formed in areas of localised strain
along shallow SW-NE extension faults (Fig. 6).
Tensional collapse of the internal East-Carpathians,
and related south-eastwards mass transfer by gravity
spreading, induced shortening and folding of the inter-
nal part of the Focsani foreland basin. Tensional
hinterland basins developed only at the south-eastern
periphery of the youngest volcanic area.

The vertical and very deep main fracture system,
controlling the development of the calc-alkaline
volcanic chain in a NW-SE direction, propagated
from 9.4 My onwards with a rather limited opening
rate. In our model, this systematic shift in eruption
centres, both in time and space, is related to a south-
eastwards propagation of the lower mantle lithosphere
delamination. This implies that the delaminating
mantle slab initially dipped westwards below the
East-Carpathians, which is consistent with tomo-
graphic data (Fan et al., 1998; Wenzel et al., 1999).
The opening trend of the main magma supply conduits
roughly paralleled the strike of the rolling-back
mantle slab. Since 2.25 My a new major fracture
system, on which the alkaline Persani volcanoes are
located, developed to the SW of the earlier one. Note

that 6.2 My earlier and 15km to the NW of the
Persani Mts, deep crustal fracturing facilitated the
development of the calc-alkaline Rupea volcano.
Progressively increasing crustal fracturing and crater
development went hand in hand with a dramatic
increase in uplift rates, with hinterland basin subsi-
dence beginning at 4 My. That suggests that the area
of the crust—mantle decoupling was rather localised
until 2.25 My, when it began to enlarge south-west-
wards. Thus, we assume that: (1) the area, in which
the lithosphere is subjected to asthenospheric thermal
effects, is currently enlarging south-westwards; (2) the
lower mantle delamination is propagating south-west-
wards as indicated by the SW shift of foreland
subsidence and of the zone of deep epicentres.

It cannot be excluded that LVZ was employed as
detachment level between the crust and the mantle,
facilitating gravitational crustal extension. Although
such a mechanism allows for the development of
shear zones along which individual blocks slip against
each other (Herman and Muntener, 1996; ter Voorde
et al,, 1998), it is unlikely to provide opening of
magma conduits and volcanic eruptions. Therefore,
if such a detachment occurs at the Moho level, its
vergence should be NW to SE, as in the upper crust.
Therefore, the trend of deep and/or shallow detach-
ment horizons depends on the opening directions of
supply conduits, themselves controlled by strike of the
retreating mantle slab. This may explain, in return,
why the strike of major magma supply conduits is
NW-SE and normal to the opening direction of
hinterland basins (Figs. 6a and 7).

The main subsidence phase of the Focsani basin
was controlled by the load of the delaminated litho-
spheric slab. Its initial slow subsidence during early to
middle Miocene times may be related to thrust-loaded
deflection of the lithosphere during the onset of under-
thrusting of the European continental lithosphere
below the Tisza—Dacia plate (Demetrescu and
Andreescu, 1994). However, only 5 My later, during
the Sarmatian, is the onset of the delamination process
evident by a dramatic subsidence acceleration of
Focsani basin that is coeval with a sharply increased
uplift rate of the hinterland that is followed by the
onset of the volcanic activity. This suggests that dela-
mination and retreat of the lower mantle lithosphere
really began around 12—-10 My, triggering upwelling
of the asthenosphere beneath the thinned lithosphere.
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From the timing and spatial distribution of volcanic
eruptions, it is clear that delamination became effec-
tive first at the northern end of the East-Carpathians,
then propagated southeastwards and is now shifting
southwestwards and westwards.

6. Discussions

6.1. Decoupling in an uplift context: primary and
secondary effects of a rather common process

In the northern Central Alps, underplated Permian
and Early Triassic gabbro sills or laccoliths are
observed at the interface between lower crust and
the mantle. Their injection occurred in an uplift
context and always in very short time frame
(Cawthorn, 1975; Rivalenti et al., 1975, 1981; Siena
and Coltorti, 1989; Voshage et al., 1990; Herman and
Muntener, 1996; Lu et al., 1997a,b; Hermann, 1997,
Muntener, 1997; Vavra et al., 1999). They are
believed to evidence crust—-mantle decoupling
which, in this case, must be related to magma injec-
tion and not to in-situ partial mantle melting, as
invoked in our model. Indeed most of these Permo-
Triassic gabbros have not only sharp contacts with the
surrounding rocks, but are also representative of
MORB-type magmas that were derived by partial
melting of the asthenosphere below the host mantle
lithosphere. Magma underplating, and thus magma
storage at crust—mantle interface, must be due to:
(1) the forceful injection of magmas along a litholo-
gical and rheological discontinuity which is also a
density boundary where in that case magmas find
their density equilibrium; (2) the lack of crustal-
scale fractures due to the ductile rheological beha-
viour of the lower crust at the time of magma genera-
tion; indeed only few several tens of meter long
gabbro dykes cross-cut the base of granulites in the
Malenco area. This example of magma underplating
in an uplifting context is interesting inasmuch as it
gives to us another glance at the decoupling process
during a cycle of post-orogenic uplift and erosional
and tectonic unroofing of the crust (Ziegler and
Stampfli, 2000).

Decoupling of crust and mantle appears to be
primarily due to the fundamental role of the astheno-
spheric heat flux, causing differential thermal expan-

sion of the less dense crust as compared to the mantle,
resulting in greater uplift rates of the crust than the
mantle lithosphere. This is supported by the prelimin-
ary modelling results of Ershov and Stephenson
(1999) that demonstrate that asthenospheric heat
flow triggers decoupling, the different rheological
behaviour of crust and mantle reinforcing decoupling
and dissociation effect. In the case of underplated
gabbros, the lower crust behaved in a ductile way
while the upper part of the underlying mantle litho-
sphere behaved in a brittle way to enable rise of
asthenospheric magmas. Therefore, a crust—mantle
decoupling process is not systematically related to
partial melting of the uppermost parts of the mantle
lithosphere. The reasons for such a turnaround of the
rheological behaviour between mantle and crust
depends mainly on crust and mantle lithosphere thick-
ness and the prevailing thermal regime (Cloethingh
and Banda, 1992; Zeyen et al., 1997; Ziegler et al.,
2000 and references therein). Let us note that magma
injection is always very brief in time, which
means that the brittle behaviour of the subcontinental
mantle, if it is synchronous with magma genesis, is
of very short duration. This is another point of
comparison with our model where we emphasised
that accounting of the short duration of the eruptive
activity in the same site, the brittle behaviour of the
whole crust is always a transient event at geological
scale.

6.2. Different asthenospheric components of the
mantle lithosphere

Apart from triggering a strong heat flux increase,
upwelling of the asthenosphere, as well as of mantle
plumes, is associated in the southern East Carpathians
with enormous fluid transfers throughout the litho-
sphere and even to the surface, fluids having a more
or less primitive mantle isotopic signature, as docu-
mented by Minissale et al. (1999). During their perco-
lation towards the surface, a great part of these fluids
are injected and trapped within microfissures, cross-
cutting minerals of the lithospheric mantle (e.g.
Wilson, 1989). Most often, several microfissure
systems cross-cutting each other are observed within
mantle rock samples, attesting for different phases of
percolation, as seen in Persani mantle xenoliths.
Overall, the lithospheric mantle includes two distinct
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asthenospheric components, a fluid component and a
silicate component corresponding to the initial (before
metasomatism) harzburgitic residual mantle, each of
them having a different history since extraction from
the asthenosphere. This remark is important inasmuch
as until now these two components have not always
been clearly distinguished in any approach to study
the origin of mantle-derived magmas. In our model,
the fluid component enables to roughly delimit the
depth from which the asthenospheric plume is/was
coming (as deeper as it is more primitive); in contrast,
the silicate component enables to decipher the partial
melting history of the asthenospheric mantle before it
was accreted to the lithosphere and subjected to meta-
somatism of various origin.

7. Conclusions

In trying to understand the ins and outs of an a-
typical volcanism, now operating since 9.4 My in
the southern East-Carpathians, we have come up
with a geodynamic model that establishes the “cause
and effect” relationship between shallow and deep
processes affecting this area during the last 17 My,
that is since the middle Miocene.

The sequence of events was controlled by delami-
nation of the lower lithospheric mantle of the subduct-
ing European plate. This intra-mantle delamination
began during the Sarmatian (12 My) after the oceanic
slab that was attached to the European plate had been
subducted and the collision of the Tisza—Dacia and
Europe continental plates was well advanced. Grav-
ity-driven sinking and retreat of this lithospheric slab
initiated the subsidence of the Focsani foredeep basin
in front of the outer Carpathians, where this slab is
still attached to the European lithosphere. Detachment
and roll-back of this slab triggered beneath the inter-
nal Carpathians asthenospheric upwelling and a huge
heat flux. Thermal, rather than isostatic effects of the
asthenospheric plume, lowered the density of the
remnant lithosphere, thus triggering a dramatic uplift
of the lithosphere and its internal decoupling at Moho
level beneath which the uppermost mantle was
subjected to partial decompressional melting.
Decoupling at the crust—mantle boundary was rein-
forced by the different rheological behaviour of crus-
tal and mantle lithologies. However, their rheological

behaviour cannot be determined a priori and needs to
be constrained by the magmas that were generated
coeval with this uplift. In this study the most primitive
mantle-derived magmas came from partial melting of
the subcrustal mantle during a decompression phase,
then were forcefully injected into the fractured
continental crust and erupted at surface. It is inferred,
that during the uplift-related crust—mantle decou-
pling, the mantle behaved in a ductile way and
expanded while the crust was flexed and locally frac-
tured, providing conduits for magma ascent and
volcanic eruptions. At supra-crustal levels, uplift
and flexure of the crust induced local extension and
the re-activation of a detachment horizon at the base
of the Carpathian nappe stack, resulting in the subsi-
dence of tensional hinterland basins, and shortening
and folding of the inner part of the Focsani foredeep.
Uplift of the inner Carpathians domain was essentially
synchronous with a sharp acceleration of the foreland
subsidence, and preceded the onset of hinterland basin
subsidence.

One of the key points of our geodynamic model is
to attempt to constrain the past and future evolution
of the ongoing slab delamination and related volcanic
activity in the East-Carpathian arc. Tomographic
data and the location of recent earthquake epicentres,
the eruption timing and the strike of magma supply
conduits (NW — SE — SW) are closely linked to
mantle delamination that began 9.4 My ago, first at
the northern end of the East-Carpathian chain, while
the mantle slab still dipped westwards. Since then,
the intra-mantle delamination propagated laterally,
normal to the slab strike and followed the curvature
of the Carpathian arc. Knowing that volcanic activity
was never really interrupted, and that the average
length of an eruptive period at the same site is around
1 My (cf. Fig. 3 in Szakacs and Seghedi, 1995), the
crust—mantle decoupling process appears to be rather
fastly stabilised. Nowadays, as the mantle slab is
actively foundering below the Vrancea area, a signif-
icant southwestwards enlargement of the zone
involved in the mantle delamination process is indi-
cated by the progressive shift of deep earthquakes,
foreland subsidence and volcanism. Other interesting
information on the possibility of next eruptions
will come from the location of the LVZ, its outlines
and thickness, below the southeast Carpathian
Mountains.
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