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Abstract

The East Carpathian volcanic arc is the youngest region of calc-alkaline magmatic activity in Eastern Europe. A general

age progression of the onset and cessation of magmatic activity occurs along the East Carpathian arc from older volcanic

structures (ca. 12 Ma) in the NW to the youngest (<l Ma) in the SE. Magmatism continued into the Plio-Pleistocene,

significantly later than the end of basin closure and the onset of continental collision along the Inner Carpathian arc that is

thought to have taken place during the Miocene (9-5 Ma). Migration of magmatic activity from NW to SE along the arc

may be explained by a corresponding migration of the magma-generating zone at mantle depths. Major and trace element

characteristics of the erupted products are typical of subduction-related magmas and suggest an input of fluids from a

dehydrating subducting slab into their mantle source region. Subduction of a narrow oceanic basin is considered to be

the most probable cause of the East Carpathian magmatism and its migration. As thick continental crust began to enter

the northern part of the trench at around 9 Ma, slab breakoff began although subduction of the detached slab continued

at depth. As breakoff progressed from north to south, a rupture or tear propagated along the slab, causing termination of

volcanism as the slab sank out of the magma-generation zone. Breakoff of the slab occurred at progressively shallower

levels, southward along the arc, causing the volume of erupted arc magmas to diminish. Some unusual geological features

at the southem end of the volcanic arc (e.g. contemporaneous eruption of alkaline and calc-alkaline magmas; extreme

enrichment in K and other large ion lithophile elements in the arc magmas) may be accounted for by asthenospheric mantle

upwelling into the void left behind by the broken slab and increased efficiency of dehydration of the remnants of the slab

under the higher thermal regime. O 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Previous studies of the evolution of the Carpatho-
Pannonian region have indicated that a large basin,
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probably floored by oceanic crust, lay in the area
of the present-day Carpathians and was consumed
by subduction during Tertiary times (Burchfiel,
1976; Csontos, 1995). Collision was accompanied
by the formation of large thrust belts composed
of flysch sediments (Sindulescu, 1984) and the
eruption of large volumes of calc-alkaline magma
alons the northern and eastern edges of the Al-
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Fig. 1. Map showing main tectonic units in the east of the Carpatho-Pannonian region. Calc-alkaline magmatism along the East
Carpathian arc is divided into the following areas: Oas = Oas Mountains; Gut : Gutii Mountains., Tib : Tibles Mountainsl Tga:
Toroiaga Mountains; Rod: Rodna Mountains; Barg : lalgau Mountains; Cat : gali^uni Mountains; Gar = Gurghiu Mountains; NH
: North Harghita Mountains; Si1 : 56u11t Harghita Mountains. Alkaline magmatism occurs in the eastern Transylvanian Basin (EZB).
Inset map shows the location of the Tisza-Dacia (TDII[) and Alcapa (A,lf) microplates.

capa and Tisza-Dacia microplates (Szab6 et al.,
1992).

The East Carpathian arc lies along the eastern
rim of the Tisza-Dacia microplate, to the east of
the Transylvanian Basin (Fig. 1; Seghedi et al.,
1995). The arc includes a 160-km-long chain of
calc-alkaline volcanoes, which form the Calimani,
Gurghiu and Harghita Mountains (herein referred to
as the CGH arc). Calc-alkaline magmatism occurred
from late Miocene to Quaternary times and is the
youngest arc volcanism in the Carpatho-Pannonian
region (P6cskay et al., 1995a). Magmatic activity
migrated from NW to SE along the strike of the arc
in this area and was accompanied by a general de-
crease in the volume of magma erupted within each
volcanic centre (Szakiics and Seghedi, 1995). Small
volumes of mafic alkaline magmas were eruDted

close to the southern end of the CGH volcanic arc
in the eastern Transylvanian Basin (ETB) and were
contemporaneous with the final stages of calc-alka-
line activity in the CGH arc (Seghedi and Szakdcs,
1994; Downes et al., 1995). The cessation of active
volcanism in this area during the Quaternary coin-
cided with the end of magmatic activity in the region
as a whole. Seismic activity continues to the present
day in the Vrancea Zone, south east of the CGH
arc, although no magmatism is associated with this
active tectonism. Earthquakes in the Vrancea Zone
define a steeply dipping Benioff zone, which gives
an indication of the geometry of the final stages of
subduction (Oncescu et al., 1984).

The dynamics of Neogene-Quaternary sub-
duction remain poorly constrained for the East
Carpathian region. The most notable problems are:
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(a) the relationship between subduction and volcan-
ism, (b) the nature of the subducted lithosphere, (c)

the timing and nature of subduction, and (d) the role
(if any) of slab breakoff following the cessation of
plate convergence. Significantly, the arc magmatism
continued long after the main period of convergence
related to subduction had ceased.

This paper will synthesise geochemical and geo-

dynamic data to establish constraints on the pro-

cesses responsible for formation and migration of

the calc-alkaline magmatism in the East Carpathians
during the Neogene and Quaternary. Our rigorous

investigation of magmatism in the East Carpathian
arc yields a greater understanding of the style and
timing of subduction over the last 10-15 Ma. We

believe that the time-gap between cessation of con-
vergence and the magmatic activity is a consequence

of subduction of a narrow ocean basin. Furthermore,
we consider that the contemporaneity of the calc-
alkaline arc volcanism and alkaline magmatism is a

result of asthenospheric mantle upwelling into a slab
window, as slab breakoffprogressed and the eruption
of high-K and shoshonitic magmas at the southern
end of the arc is due to an increased contribution of

fluid from the dehydrating slab.

2. Geological and geophysical evidence for

subduction

Palaeomagnetic, sedimentological and geophysi-

cal studies indicate that collision took place between

NE Europe and the Intra-Carpathian area during

Cenozoic times (Royden and B6ldi, 1988; Ziegler,

1988; Royden and Burchfiel, 1989; Csontos et al.,

1992: Kov 6c et al., 199 4: Tari, 199 4; Csontos, I 995 ).
The geodynamic driving forces behind the move-

ment of microplates in the region are thought to

be slab-pull and slab rollback along the Carpathian

subduction zone (Royden, 1993) and lateral extru-

sion caused by continuous convergence in the Alps
(Ratschbacher et al., 1991). The main Neogene tec-

tonic events in the East Carpathians are summarised

in Fig. 2.Here we attempt (a) to constrain the timing

and rate of Tertiary subduction and (b) to estimate
the extent and nature of the subducted lithosphere.

Palaeomagnetic data indicate that major rotations

of the Alcapa and Tisza-Dacia microplates took
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Fig. 2. Cartoon illustrating the main Tertiary tectonic events

which affected the East Carpathian arc. (a) Prior to conver-

gence. The relative amounts of oceanic and thinned continental

crust in the foreland basin are poorly constrained and the ratio

shown in the diagram is purely for illustration. (b) Subduction

of oceanic crust occurred during an Early-mid-Miocene con-

vergence episode. Oceanic material in the back-arc area was

consumed prior to foreland basin closure. (c) Thinned continen-

tal crust was subducted and collisional features were seen in the

overriding plate. (d) Dense oceanic lithosphere became detached

from buoyant continental lithosphere. Hot asthenospheric mantle

upwelled into the gap, to be juxaposed against the base of the

mechanical lithosphere. The figure shows the case of breakoff

between the oceanic and transitional crust, but this may alterna-

tively have occurred between transitional and continental crust.

place in the Late Palaeogene to Middle Miocene dur-

ing the main period of Tertiary convergence (Balla,

1987; M6rton et al., 1992|. Patrasw et al., 1994;

Miirton and Fodor, 1995). A 40'clockwise rotation

of the Tisza-Dacia microplate was accompanied by
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closure of a basin which lay to the north and east
of the Tisza-Dacia microplate and was followed by
relatively minor crustal shortening and continental
collision (Lillie et aI., 1994). In the Late Miocene
(9-5.3 Ma) an E-W compressional event occurred
across the entire Carpatho-Pannonian region (Perres-

son and Decker, 1997), which has been interpreted as
reflecting the arrival of thick and buoyant continental
crust at the trench and its resistance to subduction.
The youngest E-directed thrusts in the East Carpathi-
ans terminated at approximately 7.1 Ma (Perresson

and Decker, 1997). Plio-Quatemary (3-0.5 Ma) de-
formation was less intense and limited to the extreme
SE Carpathians (Hippolyte and Sandulescu, 1996).

The width of the basin that was subducted dur-
ing the Neogene can be estimated from the re-
construction of balanced cross-sections for the East
Carpathian Neogene flysch sediments (Roure et al.,
1993; Roca et al., 1995). For a section taken through
the East Carpathians, a total of 130 km of shortening
can be divided into 108 km Mid-Miocene (-15 Ma)
subduction-related episode and 22 km during Plio-

Quaternary post-collisional deformation. Assuming
that the rate of basin closure is closely related to rate
of plate convergence, a convergence rate of approx-
imately 2.5 cm yr-r was estimated from Ukrainian
Miocene flysch sections by Roca et al. (1995). A
similar rate may be envisaged for the convergence
rate across the CGH arc but a slowdown may have
occurred towards the end of subduction and onset of
collision as continental crust arrived at the trench.

The Vrancea zone at the SE end of the East
Carpathian arc (Fig. l) is the site of Neotectonic
intermediate and shallow focus seismic activity (Ro-

man, 1970; Horv6th, 1988; Trifu and Radulian,l99l:
Radulian and Popa, 1996). A slab of sinking litho-
sphere appears to dip at 58" to the NW (Oncescu

et al., 1984). Earthquake epicentres occur down to
a depth of 220 km and are separated from shallow
crustal epicentres by a seismic gap between 40 and
60 km that may represent a zone of reduced viscosity
where breakoff of the slab has taken place (Fuchs et
al., 1979). The shallow depth of the gap is typical
for breakoff under very slow (<0.2 cm yr r) plate
convergence velocities (Davies and von Blanken-
burg, 1995). Such slow convergence velocities may
be appropriate for the end of subduction in the CGH
arc. The sinking lithosphere may represent a final

relic of the plate that was subducted beneath the East
Carpathians, now detached fiom the remainder of the
subducted oceanic crust to the north, which has sunk
into the deeper mantle.

Balla (1987), Csontos et al. (1992) and many
other authors have proposed that SW- and W-directed
subduction took place along the whole Carpathian
arc during Miocene times. However, an alternative
model proposed by Linzer (1996) suggests that the
subducted basin was attached to the Moesian plat-
form and was subducted to the NW rather than
being attached to the East European Platform and
subducted to the west. Linzer (1996) also suggested
that the slab underwent extensive roll-back to the
SE and that the lithospheric slab now imaged in the
Vrancea tectonic zone is the subducted oceanic slab
that caused the magmatism of the CGH arc.

The subducted basin may have been floored by
oceanic, transitional or continental crust (Burchfiel,

1976; Csontos et al., 1992). Many previous studies
have supported the concept of subduction of oceanic
lithosphere in the East Carpathians (Rddulescu and
Sindulescu, 1973: Balla, 1987; Sindulescu, 1988;
Royden and Burchfiel, 1989; Csontos et aI.,1992;
Linzer,1996). Oceanic subduction is suggested by
a lack of major crustal thickening, minor post-colli-

sional shortening of less than 50 km, an absence of
metamorphism in the accretionary flysch sediments
and a well preserved foredeep filled with fine-grained
pelagic sediments. Subduction of oceanic crust is re-
quired to explain the lack of significant collisional
features between the Tisza-Dacia microplate and the
European foreland, such as those seen in the Eastern
Alps (Royden, 1993). Thinned continental crust may
have entered the system in the later stages of sub-
duction during the Miocene which slowed down and
eventually halted the convergence in late Miocene
times (Bleahu et al., 1973; Csontos et al., 1992;
Decker and Peresson, 1996; Perresson and Decker,
1997). Continental crust clearly entered the subduc-
tion zone to the NW as underthrust continental crust
has been imaged by deep seismic surveys in the West
Carpathians (Tomek, 1993;Tomek and Hall, 1993).

The postulated oceanic crust may have formed the
basement to large flysch basins that were open in the
Outer Carpathian area during the Late Cretaceous
and that are now represented by the thrusted flysch
sediments of the paleo-accretionary wedge (Fig. 2;
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Table I
Isotopic characteristics of potential magmatic sources and crustal contaminants in the East Carpathian area

161

Parental CGH arc Parental southem
(Calimani- CGH arc
N. Harghita) (S. Harghita)

ETB alkaline
magmas

ETB mantle
xenoliths

Tisza-Dacia
crystalline
upper crust

Outer Carpathian
Cretaceous and Neogene
flysch sediments

815r7ao5. 0.705H.7058
r43Nd/r14Nd 0.5128H.51265
200p6720+p6 18.75_18.85
20?Pb/2o4Pb 15.63*15.68
6180 <6%o

0.7045-0.7050 0.70374.7045 0.70194;7044
o.5127 54.51255 0.5 1285-0.5 127 3 0.513554.5127 1
18.55-18.65 18.60-18.68 16.90-18.64
15.64-15.66 15.63-15.64 15.44-15.63
<7%o <6%o <6%o

0.70944.7362 0.7078--0.7501
0.51235-0.51 196 0.51224.51213
18.38-19.35 18.62-19.01
15.63-15.77 15.65-15.69
>l3%ao >l37oo

Data sources are: CGH arc magmas: Mason et al. (1996); ETB alkaline magmas: Downes et al. (1995); ETB mantle xenoliths (Vaselli et
al., 1995; Rosenbaum et al., 1997): Tisza-Dacia crystalline upper crust and Outer Carpathian Cretaceous and Neogene flysch sediments
(Mason et a1., 1996). 6l8O data for ETB alkaline magmas and ETB mantle xenoliths is from Mason (1995).

Winkler and Slaczka, 1992; Roca et al., 1995). These
basins served as a zone of weakened lithosphere
into which the Alcapa and Tisza-Dacia microplates
could indent during the Miocene collision. This area,
prior to deformation, has been estimated to be up
to 500 km across (Csontos, 1995). However, di-
rect evidence for the existence of oceanic crust in
this region during the Neogene is limited (Pand and
Erdmer, 1996). Ophiolitic thrust slices (up to sev-
eral km across) have been identified in parts of the
outer Carpathian flysch but their detailed origin is
not fully understood (S6ndulescu, 1988) and some
have been interpreted as intraplate basalts (Russo-

Sindulescu and Bratosin. 1985). The sediments that
form the Outer Carpathian flysch may be similar to
the sedimentary veneer that could have been sub-
ducted with the downgoing oceanic lithosphere. Flu-
ids derived from these sediments may have added to
the metasomatising fluids derived from the prograde
metamorphism of the subducting oceanic crust and
would carry a distinctive trace element and isotopic
signature. The geochemical characteristics of these
representative flysch sediments have been previously
determined (Mason et al., 1996) and isotopic data
aregiveninThble 1.

3. Magmatic geochronology

Three stages of Neogene magmatic activity have
been recognised in the eastern part of the Carpatho-
Pannonian region (Szab6 et al., 19921, P6cskay et al.,
1995a). Acidic tuffs and ignimbrites were initially
erupted in the northern part of the Transylvanian

Basin during a period of mainly acidic volcanism
in the Early Miocene. This was followed by Mid-
dle Miocene to Pliocene, mainly intermediate, calc-
alkaline strato-volcanism along the East Carpathian
arc, including the Calimani, Gurghiu and Harghita
areas (CGH arc). Finally, Plio-Pleistocene alkaline
magmas were erupted behind the arc in the east-
ern Transylvanian Basin (ETB). Szab6 et al. (1992)
considered that subduction controlled both the initial
burst of acidic volcanism and the main period of
calc-alkaline volcanism, whereas the alkaline mag-
mas were a result of the upwelling of asthenospheric
mantle in response to lithospheric extension across
the Pannonian Basin.

The main period of extrusive calc-alkaline vol-
canic activity in the CGH arc took place between the
Late Miocene and the Pleistocene (-l2Ma to <0.2
Ma; Fig. 3), following Mid-Miocene extrusive activ-
ity in the Oas and Gutii Mountains to the north (Peltz

et al., 1985; P6cskay et al., 1995b). Previous studies
have described a general age progression in calc-
alkaline magmas along the entire Inner Carpathian
arc, from older structures in the north and west to
younger volcanics in the south east (P6ka, 1988;
Szab6 et a1., 1992). However, a recent compilation
of internally consistent K*Ar age data for the Neo-
gene Carpathian magmatism suggests that the age
progression is only significant in the CGH segment
of the East Carpathian arc (P6cskay et al., 1995a,b;
Szakdcs and Seghedi, 1996), where the rate of mi-
gration was approximately l8 km Ma-l (equivalent

to -2 cm yr-r).
Magmatism started in the northern Calimani area

at approximately 12 Ma with the emplacement of in-
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magmatism in each segment of the arc, after P6cskay et al. (1995a). Notation for arc magmatism as in Fig. l. (b) Age vs. distance for
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Volcanism in the Harghita area shows a well-
defined north-south age progression (Fig. 3). At
the Pontian/Dacian boundary (6-5.5 Ma) all of the
centres in North Harghita were erupting contempo-
raneously. However, activity in each volcanic centre
generally ceased at a progressively later date from
north to south. Therefore, the focus of magmatism
continued to progress southwards with time. The
timing of the volcanism in the South Harghita area
shows the most distinct north-south geographical
progression, from late Dacian to Quaternary (Sza-
kdcs et al., 1993). Lavas and intrusions within each
volcanic centre have a narrow age range (typically
*1 Ma) reflecting a rapid southward migration of
magmatic activity. The youngest Kl k age reported
is 0.20 Ma and laC dating carried out on charcoal
fragments from pyroclastic deposits in the same vol-
canic centre yielded ages of 10,700 t 180 yr B.P.
(Juvigne et al., 1994) and 35,000-42,000 yr B.P.
(Moriya eral.,1996). Alkaline magmas were erupred
in the eastern Transylvanian Basin between 2.5 and
0.7 Ma (Seghedi and Szak6cs, 1994; Downes et al.,
1995), only 40 km to the west of the main CGH
arc where calc-alkaline magmas were being erupted
contemporaneously.

4. Magma geochemistry

1.1. Identification of mantle sources

Neogene-Quatemary magmatism in the East
Carpathian arc consists of medium-K calc-alkaline
to high-K calc-alkaline and shoshonitic composi-
tions (Seghedi et al., 1987; Mason, 1995; Mason et
al., 1996) whose major element geochemistries are
typical of these classifications (Mason et al., 1995).
In this section, we will use isotope data (Table l)
to constrain the mantle source of these and the
closely-related alkaline magmas, as different sources
(e.g. deep asthenosphere, fluid-metasomatised man-
tle wedge, shallow mantle lithosphere) have different
isotopic characteristics.

Most of the calc-alkaline magmas in the CGH
arc show isotopic evidence of having assimilated
Iarge amounts of continental crustal material as they
passed through the lithosphere (Mason et al., 1996).
The magmas have d18O values that are much higher

than those of normal mantle-derived magmas, and
they show offsets to high 87517865r, low l43Nd7l4Nd

and radiogenic Pb isotope ratios (Fig. a). Possible
crustal contaminants include crystalline metamor-
phic basement rocks and terrigenous flysch sedi-
ments for which the isotopic (Table l) and trace
element characteristics have been previously de-
termined (Mason et al., 1996). This crustal con-
tamination masks the source characteristics of the
calc-alkaline magmas and can cause difficulties in
geodynamic interpretations. To some extent, the ef-
fects of crustal assimilation can be filtered out using
radiogenic (Sr-Nd-Pb) and stable (6180) isotope
signatures to identify those calc-alkaline magmas
that have been least affected (Mason et al., 1996).
However, it is impossible to rule out the effects of
assimilation completely, as most of the magmas are
also highly fractionated, and primitive basic magmas
(i.e. with MgO > 6Vo; high Ni and high Cr) are
absent from the arc suite.

The most basic and least crustally contaminated
magmas in the Calimani, Gurghiu and Northern
Harghita parts of the arc are rare basalts and basaltic
andesites which have homogeneous Sr-Nd-Pb iso-
topic compositions (Table l; Fig. 4) which proba-
bly reflect a common mantle source composition.
This is considered to be the metasomatised mantle
wedge situated above the subducting slab. How-
ever, significant isotopic differences are seen in the
least contaminated basaltic andesites from the South
Harghita area (Fig. 4) which have lower 87517865r

and206Pbl204Pb ratios (Table 1). These differences
most probably reflect variations in the isotopic com-
position of the mantle source (Mason et al., 1996).

Downes et al. (1995) showed that the contem-
poraneous ETB alkaline intraplate magmas erupted
near to the South Harghita area show geochemi-
cal similarities to the compositions of ocean island
basalts (OIB). This alkaline magmatism is thought
to be derived directly from the asthenospheric man-
tle beneath the East Carpathians and is similar to
that seen in other parts of the Carpatho-Pannonian
region (Embey-Isztin et al., 1993). Crustal contam-
ination occurred to a much smaller degree in the
alkali basalts compared to the calc-alkaline magmas
and its isotopic effects are minimal (Downes et al.,
1995). The alkali basalts additionally resemble those
found elsewhere in Europe which are thought to be
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related to asthenospheric mantle upwelling of the
type which also forms OIB (Hoernle et al., 1995).
They have mantle-like 6180 lDobosi et al., 1998 in
press), unradiogenic Sr and Pb isotope ratios and
high 143Nd7rqNd lDownes et al., 1995; Rosenbaum
et al., 19971, Table l). Their isotopic compositions
reflect that of the asthenosphere, another possible
mantle source. However, compared with a global
average of OIB, the alkaline magmas have slightly
higher large ion lithophile element (LILE) and lower
high field strength element (HFSE) concentrations,
t'eatures that resemble slightly the arc magmas and
suggest that the source of the ETB magmas may
have been slightly contaminated by slab-derived flu-
ids (Downes et al., 1995). It is significant that the
ETB alkali basalts and the primitive arc magmas
tiom the South Harghita area are isotopically quite

similar, and may therefore share a common astheno-
spheric mantle source component (Fig.  )

Another possible mantle source for the CGH
arc magmatism is the shallow lithospheric mantle,
shich has been investigated via the abundant ultra-
mafic xenoliths in the ETB alkaline magmas (Vaselli

et al., 1995). The xenoliths are cut by amphibole
reins that were formed by infiltration metasomatism

b1 alkaline magmas that were derived from a sub-
duction-modified mantle source (Rosenbaum et al.,
1997). However, the majority of the mantle xenoliths
are highly depleted. The xenoliths are unlikely to
represent the composition of the lithospheric man-
tle directly above the subducted slab (Vaselli et al.,
1995), but their composition suggests that the bulk
of the mantle lithosphere was not metasomatised by

subduction-related fluids. The peridotitic xenoliths
are characteristic of the depleted mantle in their Sr,
),ld and Pb isotope ratios (Table l; Fig. 4; Vaselli
et al.. 1995: Rosenbaum et al.,1997\ and rare earth
element patterns and their isotopic ratios do not
overlap those of the CGH primitive arc magmas.
Thus we consider that the lithospheric mantle did not

contribute to magmagenesis as it is too depleted to
generate either the calc-alkaline or alkaline magmas.

1.2. Variations in trace element geochemistry of
calc-alkaline mqgmas along the CGH arc

Groups of incompatible trace elements behave
differently depending on their ionic radius and

charge. Large ion lithophile elements (LILE) such
as Rb and Ba are soluble in water-rich fluids (e.g.

fluids formed by dehydration of a subducting slab).
High field strength elements (HFSE) such as Zr and
Nb are strongly depleted in subduction-related mag-
mas but are enriched in asthenosphere-derived OIB.
The rare earth elements (REE) generally behave co-
herently but certain minerals have a preference for
individual REE - e.g. plagioclase takes up Eu2+
and garnet takes up the heavy REE (Dy to Lu). Thus
trace elements can be used to fingerprint different
processes which have occurred in magmagenesis.

Significant variations in incompatible element
characteristics are observed in calc-alkaline mag-
mas erupted along the strike of the CGH arc from
the older centres in the NW to the youngest vol-
canic centres in the SE. Crustal contamination is
very widespread throughout the calc-alkaline mag-
mas and there are very few uncontaminated samples
in only a limited number of volcanic centres (Ma-

son et al., 1996). Because of this, we cannot use
the database that has been screened isotopically to
minimise the effects of crustal contamination to in-
vestigate along-arc variations in the mantle source
of the magmas. Consequently some of the varia-

tion in incompatible trace element ratios within and
between the CGH volcanic centres must be due to
crustal contamination.

All CGH volcanic rocks have high LILE/HFSE
ratios (e.g. KlZr,BalZr, Ba/Nb andThlZr) and typ-
ically closely resemble subduction-related magma
suites from elsewhere in the world, e.g. the Aegean,

the Aeolian arc and the Andes (Fig. 5). Samples from
the Calimani area show a large range in LILE/HFSE
that spans the variation for much of the arc (Fig. 6a)
due to the combined effect of crustal assimilation and
fractional crystallisation (Mason et al., 1996). In the
volcanics of the Gurghiu arc segment, LILE/HFSE
ratios are closer to those of normal mid-ocean ridge

basalt (N-MORB) and they increase to values which

are higher than normal island arc compositions in

the South Harghita area. Crustal contamination alone
cannot account for this strong LllE-enrichment in

the South Harghita volcanics as LILE/HFSE ratios
in the volcanics are higher than those of the analysed
potential crustal contaminants. LILE/HFSE ratios
may also have been affected by the addition of

sediment to the mantle source through subduction.
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It is not possible to produce such an increase in
LILE/HFSE if subducted sedimentary material had
the composition of sediments that are present in the
Cretaceous and Neogene flysch sediments (Fig. 6a;
Mason et al., 1996). However, fluids derived from
dehydration of such sediments would be even more
enriched in LILE and can account for the observed
increase. Therefore we conclude that the extreme
LILE/HFSE ratios are due to an increase in contri-
bution of the fluid flux from the subducting slab.

LILEILILE ratios such as K/Rb, Rb/Ba (Fig. 6b)
are sensitive both to variations in small degrees of
partial melting and to variations in the composition
of metasomatising slab-derived fluids or contaminat-
ing crust (Ellam and Hawkesworth, 1988). Extreme
amounts of fractional crystallisation are required to
produce significant variations in for example K/Rb,
Rb/Ba and Ba/Th ratios. The partition coefficient
for Rb is an order of magnitude lower than that
for Ba in the source region of most arcs (Ellam

and Hawkesworth, 1988). Smaller degrees of melt-
ing of a relatively Rb-poor mantle source would
increase Rb/Ba (Ellam and Hawkesworth, 1988)
but in the South Harghita samples, K/Rb increases
slightly but Rb/Ba is reduced (Fig. 6b), which sug-
gests that the unusual chemistry is not controlled by
melt extraction processes. The slight deviations in
the LILE/LILE ratios of the South Harghita magmas
from those in the rest of the CGH arc are probably

East Carpathians
(Calimani)

Aegean Arc
Aeolian Arc
SVZ, Andes
Banda Arc

due to an enrichment in K and Ba. This may have
been introduced by a greater flux of LILE in fluids
from the subducting slab or by assimilation of LILE-
rich crust. However, Ba and K concentrations are not
exceptionally high in potential crustal contaminants
and therefore the LILE variation is most likely due
to a greater influx of fluids from the slab during the
final stages of magmatism.

TheLILEILREE ratios BafLa, Sr/Nd and Pb/Nd
exhibit a spectacular increase in the South Harghita
magmas (e.g.BalLa: Fig. 6c), where they are several
times higher in the youngest volcanic centre than
in magmas from the Gurghiu and North Harghita.
BalLaand Pb/Nd increase slightly from the Gurghiu
volcanics to the North Harghita and then rapidly in
the South Harghita centres. Sr/Nd is quite consistent
for most of the CGH arc and increases only in the
extreme south. LILE/LREE ratios in most of the arc
magmas overlap the fields of potential local crustal
contaminants and the flysch sediments, but Ba/La
and Sr/Nd ratios in the South Harghita volcanics
are higher than those found in the local crust. This
also supports the explanation that these anomalous
features are due to an increase in slab-derived fluid
flux in the mantle source.

Variations in HFSE/HFSE (e.g. ZrlNb; Fig. 6d)
in the CGH volcanics are small but significant. A
steady decrease in Zr/Nb southwards along the CGH
arc is a reflection of an increase in Nb content of the
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Fig. 5. N-MORB normalised (Sun and McDonough, 1989) trace element spider-diagram for basalts from the East Carpathians and other

calc-alkaline island and continental arcs. Data sources are: East Carpathians: Mason et al. (1996); Aegean arc: Barton et al. (1983);

Aeolian arc: Ellam et al. (1988); Southem volcanic zone(SVZ) Andes: Hickey et al. (1986); Banda arc: Vroon et al. (1993).
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magmas. This cannot be due to crustal contamination
as most crustal rocks have low Nb contents and the
ZrlNb ratios of the most likely contaminants in the
local crystalline basement or the flysch sediments
are higher than those of the South Harghita magmas.
Typical asthenosphere-derived ocean island basalts
(OIB) have low Zr/Nb (Sun and McDonough, 1989;
Fig. 6d) and the low ratios seen in South Harghita
magmas may reflect a component from a more OIB-
like asthenospheric source. The South Harghita calc-
alkaline magmas with lower ZrlNb ratios are spa-
tially and temporally close to the ETB alkaline mag-
matism. Thus, in addition to an increased fluid flux,
upwelling of an OlB-source asthenospheric mantle
component appears to have affected the magmatism
at the southern end of the CGH arc.

Although incompatible trace element variations
are frequently decoupled from radiogenic isotope
characteristics in oceanic and continental arcs (e.g.
Kay, 1980), some coffelations exist between radio-
genic isotopes and certain key trace element ratios in
the CGH arc, suggesting control by a common pro-
cess. Variations to lower 206Pbl204Pb correlate with
increasing LILE/HFSE ratios, decreasing Zr/Nb and
increasing Ba/La (Fig. 7) along the arc from NW to
SE. This is not accompanied by any systematic varia-
tion in atso 619. 7), ruling out crustal contamination
as a controlling process for the trace element varia-

tion. Increasing LILE/HFSE and LILE/LREE ratios
in the South Harghita magmas reflect the increase in
LILE which are highly mobile in fluids. Sr and Pb
(members of the LILE group) would have distinc-
tive isotopic characteristics within infiltrating fluids
derived from the subducting slab and hence fluid
metasomatism of the mantle source may control
87 517865r un6 zo'pro lzuPb ratios.

The ratio of LREE to HREE varies from mildly
LREE-enriched for the bulk of the CGH arc rocks
(basalts and andesites with Ce/Ybp :2-6) to highly
LREE-enriched for some of the Southern Harghita
rocks (high-K andesites with Ce/YbN : 19-39;
Fig. 8a). Although both crustal contamination and
fractional crystallisation could increase Ce/YbN, they
cannot account for LREE-enrichment in the South
Harghita magmas, as potential contaminants are not
sufficiently enriched in LREE (Fie. 8b) and the
volcanics have negligible Eu anomalies (Eu/Eu*
- I ), precluding extensive plagioclase fractionation in
crustal magma chambers. Increases in LREE/HREE
in South Harghita magmas closely mirror the in-
creases in LILE/HREE (e.g. Ba/Yb and Sr/Y), sug-
gesting that the differences in trace element ratios are
controlled by the influence of the same process, i.e.
an increase in subduction zone fluids.

However, South Harghita magmas not only have
higher LREE concentrations, but also have lower

1 6.3 %.

1 6 . 6 % .
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Fig. 7. Variation of the LILE/LREE ratio Ba/La with 206Pb720+p6 in samples from the south of the CGH arc. dlsO determined on
separated mineral phenocrysts (Mason et al., 1996) is shown for each sample from the Southem Harghita area.

45

40

J C

o
{so(U
E

25

20

t c



P.R.D. Mason et al. /Tectonophvsics 297 ( 1998) I 57-176 169

m
ffi
E

t-l
-1

-1
I

. , -  J' ' i
t

l-l

ETB alkalr basalts

!a Ce Nd Sm Eu Gd DY Er Yb Lu

F:g S. Rare earth element abundances in (a) CGH calc-alkaline
::t\ ibt East Carpathian crustal rocks, and (c) ETB alkaline
-,:gm;Li and separated clinopyroxenes from mantle xenoliths.
).::: xrurces are the same as in Fis. 6.

HREE concentrations than all other CGH magmas.
Th€ HREE in the South Harghita magmas are also
louer than in the potential crustal contaminants and
.ire lo$'er than in the ETB alkaline magmas (Fig. 8).
Los HREE may be due to retention of the HREE in
i mineral such as gamet during melting (Peccerillo

and Taylor, 1976). Garnet is not usually present in ei-
ther the mantle or the subducting slab at the depths at
which melting occurs in subduction zones, although
garnet may occur when the thermal regime is hot
enough for eclogite to be formed in the slab (Defant
and Drummond, 1990). However, this requires un-
usual geodynamic conditions such as the subduction
of hot, young (<5 Ma) oceanic crust (Defant and
Drummond, 1990) or extremely high (>100 MPa)
shear stresses in the subducting crust (Peacock et
al., 1994). Such conditions are not thought to have
been present in the East Carpathians, where the sub-
ducted oceanic crust was probably old and cold (as
indicated by the thick flysch sediments which were
deposited on it), and where shear stress is estimated
to have been only 40 MPa (Demetrescu and An-
dreescu, 1994).

In summary we have identified three pro-
cesses that have influenced the magma of the East
Carpathian arc: crustal contamination, metasoma-
tism of the mantle wedge by fluid driven off the
subducting slab, and an OlB-related asthenospheric
mantle upwelling. All magmas in the CGH arc show
evidence of the first two processes to varying de-
grees, however the South Harghita magmas have an
anomalous geochemistry compared with the rest of
the arc. Their Unusual Pb-Sr-Nd isotope ratios are
similar to those of the ETB alkaline magmas and this
is closely associated with a drop in Zr/Nb towards
values more typical of alkaline (OIB-like) melts. The
LILE and LREE enrichment suggests a stronger in-
flux of fluids from the subducted slab, which also
affected Pb-isotope ratios, whereas the HREE-deple-
tion implies the presence of garnet in the source.

5. Discussion

5. L Relationship between subduction and volcanism

Previous studies of the chronology of thrusting in
the East Carpathian Flysch zone (e.g. Sdndulescu,
1988; Roure et al., 1993) and palaeomagnetic data
for the Carpatho-Pannonian region (Balla, 1987;' Pa-
trascu et al., 1994) show that there is a signifi-
cant time-lag between the main period of Neogene
shortening (17-ll Ma) when consumption of the
proposed oceanic crust must have occurred and the
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episode of calc-alkaline magmatism in the CGH arc
(12-0.5 Ma). Thus it is necessary to explain the on-
set and continuation of magma generation long after
the main period of subduction at the surface had
passed.

Subduction-related magmatism originates by de-
hydration of the subducting lithospheric slab at
depths between 80 and 120 km (Gill, l98l; Sekine
and Wyllie, 1982), causing fluids to flux into the
overlying mantle wedge. The geochemical data dis-
cussed above lead us to propose that the mafic pre-
cursors to the CGH calc-alkaline arc magmas were
produced by partial melting of subduction-metaso-
matised mantle immediately above the postulated
subducting slab. The chemical and isotopic compo-
sition of the mantle source was quite uniform except
in the southern extremity of the CGH arc where a
greater degree of fluid metasomatism may have oc-
curred, accompanied by the possible infiltration of
more OIB-like asthenospheric melts.

We propose that a narrow lithospheric slab sank
through the 80-120 km deep magma-generating
zone into the asthenospheric mantle during Neogene
convergence along the East Carpathian arc. As the
slab passed through this 'window', the mantle wedge
was metasomatised by slab-derived LILE-rich flu-
ids and melted to produce the parental magmas to
the calc-alkaline lavas. Eruptive products may not
have appeared at the surface until 1-2 Ma after the
onset of dehydration and melting, due to the time
required for establishment of magmatic pathways
through the overlying continental lithosphere. The
eady-mid Miocene acidic magmatism in the north
of the Transylvanian Basin (Szab6 et al., 1992) may
have been caused by crustal melting resulting from
ponding of early phases of deeper mafic magmatism
within the continental crust.

The relative timing of Miocene subduction and
magmatism was also controlled by the width of
the consumed ocean basin. If the basin were very
nanow, subducted oceanic crust would not reach
magma-generating depths before continental crust
entered the subduction zone. A narrow basin would
also only allow slab dehydration to occur in the
magma-generating window for a short period of
time. This agrees with the 130 km of Neogene
shortening observed in the East Carpathian flysch
belt (Roca et al., 1995).

The timing of subduction and subsequent man-
tle wedge metasomatism is critical to the timing of
magmatism in the overlying volcanic arc. A lack
of significant uplift and compression across the two
colliding plates suggests that the rate of subduction
quite closely matched the rate of convergence, esti-
mated as 2.5 cm yr-l in the East Carpathians (Roca
et al., 1995). If subduction were continuous, it would
take 5-'7 Ma for subducted lithosphere to reach the
magma-generating depth of 80-120 km, assuming
a subduction angle of 60" (as seen in the Vrancea
zone). Decreasing the subduction rate or decreasing
the angle of subduction increases the amount of time
required for lithosphere to reach the magma-generat-
ing window. For example, a slow subduction rate of
0.5 cm yr I at 60' would delay the onset of magma-
tism for 18-28 Ma after the initiation of slab descent
at the surface.

Thus the observed time delay of 5-10 Ma be-
tween the main period of Miocene shortening and
initial volcanism in the Late Miocene may be ex-
plained by the time required for a narrow slab of
subducted lithosphere to reach depths of 80-120 km
where dehydration, metasomatism and mantle partial
melting occur and calc-alkaline magmas could be
formed.

5.2. Breakoffofthe subducted slab

The surface manifestation of subduction along the
East Carpathians ceased as the main period of E-W
directed thrusting in the flysch sediments came to an
end. The transition from E-W compression across
the East Carpathians to N-S compression in lo-
calised parts of the foredeep coincided with the main
period of Pliocene volcanism in the CGH arc. Melt
generation was still taking place at depth and arc vol-
canism continued long after collision had occurred.
However, the duration of magmatic activity in any
one part of the arc was brief and the length of time
each volcanic centre was active decreased along the
arc, as did the volume of erupted magma. To account
for these observations we postulate that post-colli-
sional slab breakoff took place in the subducted slab
at mantle depths.

Slab breakoff can occur when light continental
lithosphere follows dense oceanic lithosphere into a
subduction zone (Spakman et al., 1988; Davies and
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r$o Blankenburg, 1995). The buoyancy ofthe conti-
rrctal crust and downward pull of the dense oceanic
slab cause extension across the continental-oceanic
rarliition leading to tearing in the subducting litho-

*bere. The oceanic part eventually falls away into
tix deeper mantle and the resulting gap is filled
bl trot uprising asthenosphere. Breakoff may take
5-1t-t \Ia to occur and it may take another 2-10
\[a tor the heat front to rise sufficiently to cause
ct.o.Juctive melting of the overlying mantle wedge,
p.t.rbl1 leading to magmatism at or near the surface
'rt-o Blanckenburg and Davies, 1995). The depth at
rhlch breakoff occurs is dependent upon the veloc-
11 of plate convergence, with slow subduction rates
b;,Jrng to shallower slab breakoff (Davies and von
B;niienburg, 1995).

Once breakoff has been triggered in the subduct-
nng Xrrhosphere, it will tend to propagate laterally
doog the strike of the slab, particularly under the
srolltrons of a low convergence rate (Yoshioka and
fcrtel. 1995). The downward pull on the detached
prt of the slab is transferred to the adjacent segment
rtrrer rs still attached to the surface, and a tear or rup-
ut u ill migrate along the slab. This may occur at a
rr.e oi ar least 10 km Ma-r (1 cm yr-r) depending
ql.n the viscosity of the slab and the surrounding
nande material and the convergence rate (Yoshioka

aJ \\brtel. 1995). Lateral migration of slab detach-
reot has been imaged by seismic tomography in the
Ilclleruc arc and the Apennines/Tynhenian system
rs-crtel and Spakman, 1992), where slab breakoff
cr-curred at depths between 100 and 300 km. Slab
trealioff is also thought to have occurred in the Alps
rroo Blanckenburg and Davies, 1995) and has been
*rggested as an important tectonic process in the
Ea-:t Carpathian arc (Wortel and Spakman, 1993
Bahntoni et al., 1998 in press).

ln the East Carpathians, the relatively fast in-
t-erred suMuction rate during the Miocene (>2 cm
rr- r uould suggest that slab breakoff would occur
u depths >150 km, using the model of Davies and
rr.r,n Blankenburg (1995). The general lack of alka-
lme magmatism related to asthenospheric upwelling
aic'ng the main part of the arc also suggests that
tbe breakoff occurred at depths >50 km. If the con-
rsl:ence rate slowed as buoyant continental crust
enrered the subduction zone, slab breakoff would
hare migrated to shallower depths. Slab breakoff

has been suggested at very shallow depths (40-60
km) beneath the Vrancea zone (Fuchs et al., 1979),
where a seismic gap occurs between intermediate
and shallow-level earthquakes.

It is likely that slab breakoff was initiated as the
down-going subducted lithosphere was still dehy-
drating. If breakoff occurred at depths >120 km it
would not have directly affected the melt generation
zone. However, breakoff at depth would cause the
slab pull force to cease, causing cessation of magma
generation as the remaining attached slab would no
longer be subducting. If breakoff occurred at shal-
lower depths then magmatism may have continued
as sinking lithosphere continued to pass through
the magma-generating window. We suggest that slab
breakoff occurred at depths greater than the magma-
generation window in the north of the CGH arc and
at much shallower depths beneath the South Harghita
area and the Vrancea zone.

5.3. Migration of magmatic activity along the arc

Linzer (1996) explained the migration of the lo-
cus of calc-alkaline magmatic activity from NW to
SE along the CGH arc as being related to the roll-
back of a small subducted slab beneath the East
Carpathians to the Vrancea Zone. Rollback on the
order of 600 km at a rate of 3.75 cm yr-r beneath
the Transylvanian Basin was suggested. We find the
lack of extension in the immediate back-arc region
(i.e. the Transylvanian Basin) surprising in a model
of such rapid rollback. Furthermore this model ig-
nores the possibility of subduction further north that
produced the strongly thrusted flysch sediment belt
(e.g. Slndulescu. 1984).

Sperner (1996) suggested that the down-going
lithosphere in the Carpathian subduction zone broke
up into small discreet slabs or 'fingers' of litho-
sphere along the strike of the arc. Down-dip breaks
in the subducted slab could be caused by a steep-
ening of the overall subduction zone during roll-
back. As rollback occurred, the change in the dip
of the slab was not accompanied by a change in
the curvature of the trench, leading to fracturing
of the subducted lithosphere (Sperner, 1996). The
slab beneath the Vrancea area was thus explained as
being only the most SE-detached piece of the sub-
ducted oceanic lithosphere. Here we use the model
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of Sperner (1996) to postulate that magmatism rn
the CGH a"rc was related to a westward-dipping sub-
ducted slab, further north from the Vrancea slab,
where compression was more E-W directed. Sub-
duction of this lithosphere may have occurred in the
Late Miocene with probable slab breakoff during the
Pliocene.

Migration of magmatism along the CGH arc must
be directly related to the migration of the subducted
slab through the magma-generating zone in the man-
tle. The mechanism for this migration is unclear but
it was most probably related to the geometry of the
subduction. If oceanic lithosphere or thinned conti-
nental lithosphere were initially subducted obliquely
along the East Carpathians, it would have reached
magma-generating depths in the most northerly part

of the CGH arc whilst remaining at shallower depths
funher south (Fig. 9a). As subduction continued
the subducted lithosphere would reach progressively
greater depths along the arc and on reaching a depth
of -80 km would have initiated magmatism in the
overriding plate. The time at which the magma-gen-
erating window was reached would be later in the
south than in the north of the arc. A southwards pro-

sression of the initiation of volcanic activity in the

subduction
rate slows

overriding plate would be accompanied by closure
of the narrow subducted basin at the surface and,
for a basin of uniform width, closure would initially
occur in the north. As thicker continental lithosphere
started to enter the subduction zone in the north,
stress would be transmitted into the overriding plate.

The subduction system would become locked in the
north whilst basin consumption continued further
south (Fig. 9b).

After 2-3 Ma in the collisional part of the arc,
the down-going slab, still under the influence of slab
pull at depth, would start to shear and rupture. Mean-
while. further south. crust continued to be subducted
at the surface. As a result, atear may have progressed
along the arc from NW to SE along a zone of weak-
ness in the down-going plate, most probably at the

transition zone between different types of lithosphere
(Fig. 9c). As continental lithosphere entered the sub-
duction zone at progressively more southerly parts
of the subduction system, slab breakoff would have
migrated southward along the arc together with the
volcanism. Volcanic activity in the north of the arc
would therefore have ceased as the slab sank into

the deeper mantle whilst in the south the final stages
of subduction, mantle metasomatism and volcanism

1 0 0  k m  i .

slab weakb'nq
along crustal '
transition zone

* volcanic centre

Fig. 9. Tentative model for Neogene subduction beneath the East Carpathian arc. (a) Subducted crust initially reaches magma generating

depths beneath the north of the CGH arc. The sinking slab may split into strips due to the horizontal curvature of the subduction zone

(Spemer, 1996). Here we consider only one slab beneath the East Carpathians. (b) Thicker continental crust enters the subduction zone

in the north as the region of magma generation migrates southwards. Dense oceanic or transitional crust continues to sink as buoyant

continental crust locks in the subduction zone. (c) slab breakoff is initiated in the north of the arc where the subduction of the European

continent is most advanced. Volcanism at the surface continues to migrate southwards. As convergence wanes, slab breakoff takes place

at shallower depths. Pieces of subducted lithosphere then sink into the deeper mantle.
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- :::nued. The convergence rate would have slowed
-- ::'.'rre buol'ant continental crust entered the trench
- - Jf\n\equently the downward motion of the slab

-.; here slowed during the final stages of sub-
: --,:,r ir in the south of the CGH arc. A consequence
- --: . lori-down would be that the depth of slab

-::::., ' tT uould become shallower, migrating from
j:r.r.. > l l0 k-rn to depths <80 km, thus shutting

r.r' nLlgma generation progressively along the

--, Er r'ntuall) slab breakoff would be complete and
:-: .. ihr'rrphere would sink into the deeper mantle
: - , .:r hehind the Vrancea slab further SE along the

- - -  : . , r t : h t l r \ ' n ) .

- - r.:irr,rrosplrcric upwelling.following slab

1.1.::,rr e\tension occurred during the Plio-Pleis-
.-r:. i .r[ the southern end of the CGH arc, facil i-

'-: :.: ihc' rise of the ETB alkaline magmas through
-. l..z.r-Dncia microplate and calc-alkaline mag-
- -- r:.:r)uSh part of the Cretaceous flysch. The major

:- .:renc attenuation normally associated with the

- : - : : , i ' . ron of  a lka l ine magmas is  not  seen in th is
j:: The Transylvanian Basin is a thermal col-
-:.: ,,r piggyback thrust basin exhibit ing very low

:-:. ' ::-.r-J:.rr heat f low (Veliciu and Visarion, 1982;

:,:: i ::.\cu and Andreescu, 1994) and did not un-
:.-. .rgnificant extension in the Plio-Pleistocene.
l-. -.,,.e prorirnity of the ETB alkaline magmatism
. :r ' CGH arc axis (Fig. 1) is incompatible with
- .::.. t i back-arc extension which suggest that
::-: '-\:(rn occurs over a broad area some distance
-.: .: i  the arc (e.g. Karig, 1971). Thus rift ing and
::- :: ' .rre\\i\e melting driven by slab rollback are
-- .:.: ' .r to have been responsible fbr the alkaline
't.-r: ' .rrrrnl. Extension was much more localised

- : -: :he E-W trending south Transylvanian fault

:- j rrurr€d during a period of transtensional stress
i-:.:.J lhe Pliocene (Szakiics and Seghedi, 1996;
3 .  . : . : , ,nr  et  a l . .  1998).

S.:r rrindows are areas along arcs that are not
--,: 'r..r lo br a subducted oceanic slab (Dickinson

--: Srrder. 1979). Asthenospheric mantle may rise
.' ::e r oid that is produced by slab breakoff and, if
-.- {.urs at sufficiently shallow depths (<50 km),

::- ::rpression melting of the asthenosphere may
,- - -: \la.1or lithospheric extension in the overriding

plate is not required by this model. Alkaline mag-

mas produced in this way have been recorded from

the Antarctic Peninsula, Baja California and British

Columbia (Hole et al., 1991). All of these exam-
ples occurred just as subduction-related calc-alkaline
arc magmatism was ceasing. The seismic gap in the
presently active Vrancea tectonic zone to the south

east of the CGH arc (Oncescu et al., 1984) may be

a slab window, similar to that postulated for a more

northerly subducted slab in the Plio-Pleistocene.
According to Davies and von Blankenburg

(1995), slab breakoff will occur at shallow depths if
the subduction rate is slow. This may have happened

during the final stages of subduction beneath the

South Harghita area of the CGH arc as convergence
waned and continental crust entered the trench. Sub-

sequent asthenospheric upwelling could have caused

direct melting to produce the alkaline magmas, these
melts having the chemical and isotopic signature of

the asthenosphere slightly metasomatised by slab-

fluids.
Present-day heat flow measurements around the

southern parr of the CGH atc are the highest in the

East Carpathian area, with temperatures estimated to

be in excess of 800"C at 20 km depth (Demetrescu

and Andreescu, 1994). Calc-alkaline magma gener-

ation occurred during the probable upwelling of hot

asthenosphere to shallow depths, into the gap behind

the detached slab. The increased fluid contribution

in the final stages of arc calc-alkaline magmatism
(Fig. 6) may reflect more efficient dehydration of the

subducted lithosphere in a hotter subduction regime.

Some of the unusual geochemical features at the

south end of the CGH arc (high-K magmas, strong

LREE/HREE fractionation (Fig. 8), high Sr/Y) may

be related to increased temperatures in the subduc-

tion zone due to mantle upwelling. This may have

also given rise to melting of the subducted oceantc

crust in the eclogite field where garnet is stable.

6. Conclusions

We propose that magmatism in the East

Carpathian arc was directly related to subduction

of an oceanic lithospheric slab during the Miocene.

Subduction of the slab through the magma-gener-
ating window caused slab dehydration, fluid meta-
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somatism and melting of the mantle wedge. These
processes continued at depth during the Pliocene,
long after basin closure had ceased at the surface.
The time gap between the main period of conver-
gence and the timing of magmatism in the East
Carpathian arc is consistent with the time required
for subducted lithosphere to reach magma-generat-
ing depths, to cause mantle wedge metasomatism
and melting, and to establish magmatic pathways for
melts to reach the surface. Along-arc migration of
magmatism is linked to a corresponding migration of
the melt-generating zone at depth, together with pro-
gressive tearing of the slab from north to south, and
was controlled by the geometry of rotation and/or
width of the subducted basin.

The subducted lithosphere at the northem end
of the CGH arc probably underwent slab breakoff
at depths within or below the magma-generation
zone (>100 km) during the Pliocene. A decrease in
convergence rate during the final stages of subduc-
tion, in the extreme south of the CGH arc, caused
breakoff to occur at shallower depths (-50 km)
beneath the Southern Harghita area. Subsequent up-
welling of asthenospheric mantle through a 'slab

window', combined with more efficient dehydration
of the descending slab under hotter conditions, had
an important effect on the chemistry of the final
stages of calc-alkaline magmatism.
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