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Abstract

The Miocene magmatism of the Apuseni Mountains in the Carpatho-Pannonian area hosts some of Europe’s largest
porphyry epithermal Cu–Au ore systems associated with shallow subvolcanic intrusions. Detailed field observations
combined with K–Ar ages, geochemical analyses, Sr–Nd isotopes and paleomagnetic data constrain a model for the
geotectonic evolution and processes of melt generation that may account for the exceptional mineralizing potential
of the magmatic activity in this region. The magmatic activity developed mainly between 14.7 and 7.4 Ma and after a
gap ceased at around 1.6 Ma. Geotectonic conditions do not support contemporaneous subduction processes, but
were represented by transtensional and rotational tectonics, which generated horst and graben structures and fa-
voured the generation and ascent of magmas. The “subduction signature” of the magmas emphasizes the significant
involvement of fluids (mantle lithosphere and/or lower crust) inherited during previous geodynamic events. The
mechanism of magmagenesis is considered to be related to decompressional melting (various degrees of) of a hetero-
geneous source situated at the crust-lithosphere mantle boundary. Mixing with asthenospheric melts generated dur-
ing the extension-related attenuation of the lithosphere may also be implied. The evolution from normal to adakitic-
like calc-alkaline and alkaline magmas generally is time-dependent as a consequence of variable fluid-present melt-
ing. Fractional crystallization-assimilation processes in shallow magma chambers are suggested for early magmatism
but were almost absent from later magmatism, which related to an increasingly extensional regime. The youngest
alkalic (shoshonitic) magmatism (1.6 Ma) is asthenosphere-derived, but in a different extensional event, being al-
most coeval with the OIB-like alkali-basaltic magmatism (2.5 Ma) occurring along the South Transylvanian fault. The
fluid-present melting of the source seems to be the critical factor for the presence of the copper-gold-bearing miner-
alizing fluids.
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Introduction

Neogene calc-alkaline and alkaline magmatic
rocks in the Apuseni Mountains (Romania) crop
out either in intra-mountain basins such as the ca.
100 km long Zarand-Brad-Zlatna Basin, or in a
cluster of magmatic bodies that are orientated
roughly NW–SE (Fig. 1). The isolated position of
these magmatic products with respect to the Car-
pathian fold-and-thrust belt, some 200-km behind
the East Carpathian main volcanic arc, is striking.
Although a “subduction signature” has been al-
ready demonstrated for the volcanic rocks (e.g.
Borcoș et al., 1972; Roșu et al., 1996), geotectonic

models, which invoke subduction-related process-
es (e.g. Rădulescu and Săndulescu; 1973; Bocaletti
et al., 1973; Bleahu, 1974) have so far failed to ex-
plain the unusual position of this volcanism. In
contrast, some authors (Roșu et al., 1996; Balin-
toni and Vlad, 1998; Seghedi et al., 1998) have sug-
gested that these Neogene calc-alkaline to alka-
line magmas were generated in response to exten-
sion of the lithosphere.

Neogene magmatism is accompanied by sig-
nificant metallogenetic activity, particularly for
Cu–Au (Mo), together with Au–Ag ± Te and base
metal mineralization (Udubașa et al., 2001). How-
ever, not all the intrusions are accompanied by
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mineralization. A variety of mineral deposit types
are present including porphyry copper, low-sulfi-
dation and rarer high-sulfidation epithermal
veins, breccia pipes and replacement bodies.

The purpose of this paper is to describe and
interpret the nature and origin of calc-alkaline
and alkaline Neogene magmas in the Apuseni
Mountains. The presence of adakite-like charac-
teristics as pointed out by Roșu et al (2001) re-
quires reconciling the “subduction signature” of
the magmatic rocks with their unusual tectonic
setting. This contribution provides a new insight
into the generation of calc-alkaline magmatism in
a tectonic setting, which was not subjected to sub-
duction, on the basis of a review of existing and
new geochemical and isotopic data.

Geologic and tectonic setting

In recent geotectonic models of the Carpathian-
Pannonian region (e.g. Csontos, 1995), the Apuse-
ni Mountains are part of the Tisia (Tisza-Dacia)
lithospheric block, whose eastward translation,
along with the Alcapa block, constituted the ac-
tive driving force of the Carpathian collision and
consequent orogenesis during Cretaceous to Mio-
cene times (Royden, 1988; Săndulescu, 1988;
Royden and Burchfiel, 1989; Csontos et al., 1992;
Csontos, 1995). Paleomagnetic data demonstrate
that during Eocene-Early Miocene times, the Ti-
sia block experienced a 20° clockwise rotation at
the same time as the Alcapa block underwent
counterclockwise rotation. The Apuseni Moun-
tains underwent a further 60° clockwise rotation
after cessation of the counterclockwise rotation
of the Alcapa block. This rotation started around
14 Ma, diminished at 13 Ma to around 28° and
ceased at around 12 Ma (Panaiotu, 1998, 1999).

The northern Apuseni Mountains have a base-
ment of metamorphic rocks and associated anatec-
tic Hercynian granites, belonging to the Inner
Dacides (Ianovici et al., 1969, 1976; Săndulescu,
1984; Balintoni, 1994, 1997), with a Permian post-
tectonic sedimentary and volcanic cover (Stan,
1987). The southern Apuseni Mountains are dom-
inated by the Tethyan ophiolitic suture zone
(Săndulescu, 1984), including Lower-Jurassic pil-

low lava and sheeted dykes (Savu, 1996; Nicolae,
1995) and Jurassic calc-alkaline volcanics (Nico-
lae, 1995), as well as Lower to Upper Jurassic
ocean-floor and continental shelf sediments, and
Lower Cretaceous flysch and wildflysch (Lupu,
1976). Calc-alkaline intrusive rocks pierced the
ophiolitic basement during Late Jurassic–Early
Cretaceous times (Ștefan, 1986; Nicolae, 1995).

During the Late Cretaceous–Paleogene times,
“banatitic” magmatism developed along a N–S
alignment crossing through both the Apuseni
Mountains and the western part of the South Car-
pathians and Dinarides (Ștefan et al., 1992; Berza
et al., 1998), and was partly coeval with Maastrich-
tian–Paleocene molasse deposition. Post-Paleo-
cene tectonic uplift of the whole area interrupted
sedimentation until it resumed in Early–Middle
Miocene times. The post-suture (i.e. post-Lara-
mian) evolution of the Apuseni Mountains is relat-
ed to brittle tectonics (Royden, 1988; Săndulescu,
1988) during the Paleogene–Neogene interval as
a consequence of its behaviour as a single rigid
block (Tisia block). This tectonic style, mainly
marked by horst and graben structures, which are
visible mostly along the northern and western
edges of the Apuseni Mountains (Fig. 1), is a con-
sequence of the Neogene extensional develop-
ment of the neighbouring Transylvanian and Pan-
nonian Basins (Fodor et al., 1999), as well as of the
translational and rotational movements of the Ti-
sia block (Pătrașcu et al., 1994; Csontos, 1995; Pa-
naiotu, 1998; Seghedi et al., 1998; Roșu et al.,
2000). From Badenian times the Apuseni Moun-
tains formed the high-relief part of the Tisia block,
left upstanding after the general subsidence of the
Pannonian and early Transylvanian basins. Devel-
opment of the Neogene volcanism was closely re-
lated to this extensional evolutionary stage of the
Apuseni Mountains, as part of the Tisia block.

Spatial distribution of Neogene volcanic rocks

The overall spatial distribution of Neogene mag-
matic rocks in the southern Apuseni Mountains
(Fig. 1) strongly suggests a NW–SE oriented de-
velopment of the igneous activity and a connec-
tion with coeval Miocene sedimentation in exten-

Fig. 1 Sketch map of Neogene volcanic rocks in the Apuseni Mountains and location of analyzed samples: open
squares—K–Ar ages and geochemical data; open triangles—K–Ar ages only; open circles—geochemical data only.
All ages are in Ma (boxed), samples numbers in brackets refer to Table 1. Light grey background shading: grouping
of volcanic centres as in Fig. 2. Inset: geological sketch of Carpathian-Pannonian realm showing Apuseni Mountains
and Moigrad occurrence (boxed). Regional map with schematic deformation structures during Middle Miocene
after Maţenco (1997). Symbols: 1a —internal basement; 1b—ophiolite belt; 2—Neogene magmatic rocks; 3—thin-
skinned belt; 4—autochthonous foreland and intra/inter-mountain depressions; 5—dextral/sinistral fault; 6—normal
fault; 7—thrust fault.
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sion-controlled small basins (Roșu et al., 1997;
Ciulavu, 1999). However, closer examination of
the spatial occurrence of the outcrops reveals a
more complicated pattern (Fig. 1). Most magma-
tic rocks are distributed along a WNW–ESE
trend, especially between Miniș in the west and
Zlatna in the east, within a ca. 100 km long area.
Many of the igneous rocks are concentrated in the
eastern half of the area and apparently follow a
NNE–SSW trend, ca. 60 km long, between Baia de
Arieș in the north and Deva in the south (Fig. 1).
These two “alignments” (we use the term “align-
ment” without any genetic or tectonic connota-
tion) cross each other at the south-eastern end of
the WNW–ESE “alignment”.

Along the NNE–SSW “alignment” magmatic
rocks occur in several volcano-intrusive struc-
tures (Roșu et al., 1997). From north to south they
are: (1) Baia de Arieș, Roșia Montană-Bucium;
(2) Zarand, Brad, Zlatna; (3) Săcărâmb and (4)
Deva, where we include also the youngest activity
at Uroi (Fig. 2). There is an additional, isolated,
small-scale occurrence at the northernmost edge
of the Apuseni Mountains at Moigrad, located
about halfway between the Southern Apuseni
and the Oaș-Gutâi Neogene volcanic areas (Fig.
1) (Ștefan et al., 1986).

Petrography

The Neogene magmatic rocks in the Apuseni
Mountains range from basaltic-andesites to da-
cites, with subordinate occurrences of alkaline af-
finity. However, andesite is the most common and
volumetrically the prevalent rock-type (Fig. 1).
Basaltic andesites are present as two small-scale
occurrences in the Detunata hills, but also occur
in the Zarand area. These rocks are slightly por-
phyritic, with plagioclase, augite, olivine and re-
sorbed amphibole microphenocrysts in a ground-
mass of plagioclase microlites and augite, magne-
tite, ilmenite, olivine, resorbed amphibole and
glass (Savu et al., 1993).

Andesites display a large spectrum of varie-
ties. Two-pyroxene andesites are abundant in the
Zarand Mountains. They contain abundant clino-
and orthopyroxene phenocrysts, generally show-
ing corroded and opaque rims. Amphibole ± py-
roxene andesites are present mostly in the eastern
half of the region. They are largely porphyritic
and have plagioclase, amphibole, clino-orthopy-
roxene, and sometimes, corroded quartz and ac-
cessory Fe–Ti oxides, apatite, zircon, sulphides
and Cr-spinels. Rare garnet-bearing varieties can
be found at Zlatna, Bucium and in the Brad areas.

Fig. 2 Time evolution of volcanic activity in the Southern Apuseni Mountains. Symbols for rock types (black sym-
bols are normal calc-alkaline rocks, open symbols are adakite-like calc-alkaline rocks): squares—dacites; circles—
andesites; diamond—basalts andesites; triangle—alkaline rocks. (see Fig. 1 for area locations). K–Ar ages from
Pécskay at al. (1995),  Roșu et al. (1997) and this study.
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Amphibole-biotite ± pyroxene andesites occur in
the Săcărâmb, Deva and Baia de Arieș areas. The
main phenocrysts are plagioclase, amphibole, bi-
otite, two pyroxenes and the same accessory min-
erals as for the amphibole ± pyroxene andesites.
These rock types also often contain quartz pheno-
crysts. The spatial distribution of different types of
andesites seems to follow a systematic trend, with
the more basic pyroxene-bearing varieties in the
west, and more acidic, amphibole and biotite-
bearing varieties in the east and towards the ex-
tremities of the NNE–SSW “alignment”. Interme-
diate-type, amphibole-pyroxene andesites occur
in between. Andesites and porphyritic microdio-
rites also occur as a cluster of small intrusive bod-
ies at Moigrad. Their phenocryst assemblage in-
cludes plagioclase, clinopyroxene and sporadic
orthopyroxene and amphibole, and sometimes bi-
otite (Ștefan et al., 1986).

Altered dacites are present as clasts in ~15 Ma
intra-basinal volcaniclastic and sedimentary de-
posits (Cioflica et al., 1966; Roșu et al., 1997). They
display a phenocryst assemblage of plagioclase,
quartz, biotite and minor amphibole. Dacite intru-
sions are mostly found in the Roșia Montană area,
showing porphyritic textures with plagioclase,
quartz, amphibole and biotite as phenocrysts, and
magnetite, ilmenite, apatite and zircon as acces-
sory minerals in a microgranular groundmass.

Besides the above-mentioned lithologies,
which are characterized by normal calc-alkaline
compositions, there are a few small-scale occur-
rences of alkaline rocks in the south-eastern part
of the region. Two of them occur in the Săcărâmb
area (trachyandesite and microdiorite plotted in
the basaltic trachyandesite field in Fig. 3) and the
third, a trachyandesite body, at Uroi in the south-
eastern extremity of the region (Fig. 3). Trachy-
andesite from Zâmbriţa is slightly porphyritic,
dark, and contains plagioclase, amphibole, two
pyroxenes, biotite and quartz as micropheno-
crysts in a microgranular groundmass of the same
composition, as well as apatite, zircon, magnetite,
ilmenite and Cr-spinels as accessories. The micro-
diorites from Pârâul lui Toader contain several
generations of plagioclase, amphibole substituted
either by clinopyroxene or an aggregate of
clinopyroxene, plagioclase, quartz and biotite,
fresh amphibole, clinopyroxene along apatite, zir-
con, magnetite, ilmenite and sulphides as accesso-
ries. The Uroi trachyandesites (according to a
TAS diagram) or shoshonites (according to a K2O
vs. SiO2 diagram) closely resemble the sho-
shonites, which occur at the southeastern end of
the East Carpathian volcanic range (Seghedi et
al., 1986, 1987; Mason et al., 1996). They display a
disequilibrium mineral assemblage containing Ti-
augite, hypersthene, amphibole and biotite

Fig. 3 SiO2 vs. K2O + Na2O diagram for Neogene Apuseni magmatic rocks (classification after Le Bas et al., 1986).
Legend: Rocks in the age interval: 14.7-13.5 Ma — open circles; 13.5-12 Ma — open squares; 12-10 Ma — filled
triangles; 10-7.4 Ma — open triangles; ~1.6 Ma — open diamonds.
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phenocrysts and accidental quartz xenocrysts,
many with reaction rims (Savu et al., 1994).

Sampling and analytical techniques

We used 40 samples for the geochemical and iso-
topic study (Table 2), some of which are already
published in Roșu et al. (2001), Alderton et al.
(1998) and Alderton and Fallick (2000). Most of
the samples have been dated by the K–Ar method
(Roșu et al., 1997; Pécskay et al., 1995a); results
for some are presented for the first time here
(Table 1). Sample selection took account of fresh-
ness (limited amount of hydrothermal alteration)
spatial coverage, and lithological representation
of Neogene magmatism in the Apuseni Moun-
tains, plus Moigrad at its northern periphery. Thus,
the data set can be considered as being represent-
ative for the Miocene igneous activity in the
Apuseni Mountains.

For K–Ar age determination approximately
500 mg was used for Ar analysis. An Ar extraction
line and a mass spectrometer were used for the Ar
measurement. Approximately, 100 mg of the pul-
verized material was digested in HF with the ad-
dition of some sulphuric and perchloric acids for
the K measurements. 100 ppm of Na and Li were
added as buffer and internal standard. K concen-
tration was measured with a digitalized flame
photometer of OE-85 type manufactured in Hun-
gary. The inter-laboratory standards HD-B1, GL-
O, LP-6 and Asia 1/65 were used for calibration.
Details of the instruments, the applied methods
and results of calibration have been described
elsewhere (Balogh, 1985). The results of the K–Ar
age determination are summarized in Table 1.
Analytical ages were calculated according to the
constants of Steiger and Jäger (1977). All analyti-
cal errors represent one standard deviation (i.e.
68% analytical confidence level).

Major and trace element data (Table 2) were
obtained on a Philips PW1480 X-ray fluorescence
(XRF) spectrometer at the University of London
XRF facility at Royal Holloway. Major element
oxides were determined on fused glass discs and
trace elements on pressed powder pellets, with
matrix correction calculated from major element
compositions. Analytical reproducibility for most
trace elements is ± 1 ppm (2SD), but is about ± 0.3
ppm for Nb, Y and Rb. The REE elements La, Ce

and Nd have also been analyzed using this tech-
nique for all the samples.

REE concentrations (Table 3) were deter-
mined for selected samples by Inductively Cou-
pled Plasma Atomic Emission Spectrometry
(ICP-AES) at Royal Holloway, using the meth-
od described by Walsh et al. (1981). Powdered
samples (0.5 g) were dissolved in HF and HClO4.
The residue was ignited and fused with NaOH,
and the solution was passed through ion ex-
change columns, which separated and concen-
trated the REE before analysis. In-house stand-
ards were also analyzed to check the accuracy of
the method.

Sr–Nd isotope ratios were determined using
the VG-354 5-collector mass spectrometer at the
University of London radiogenic isotope facility,
with Nd analyzed as oxide (Thirlwall, 1991).
Measured Sr and Nd isotope standard ratios for
87Sr/86Sr on SRM987 and 143Nd/144Nd on an in-
house “Aldrich” standard were 0.710248 and
0.511420 (equivalent to La Jolla of 0.511857;
Thirlwall, 1991). Results are shown in Table 2. No
age corrections were made since they are not sig-
nificant for 87Sr/86Sr at ~10 Ma.

Age and time-space evolution

Neogene magmatic rocks in the Apuseni Moun-
tains range in age from 14.7 to 7.4 Ma, except for
one occurrence (Uroi), which is 1.6 Ma old (Péc-
skay et al., 1995a; Roșu et al., 1997, 1998, 2000).
The general time-space evolution of volcanism is
presented in Figs. 1 and 2. Compared with other
Neogene volcanic areas of the Carpathians, the
magmatic rocks in the Apuseni Mountains are
roughly coeval with those from the Tokaj-Slanske
area and Vihorlat-Beregovo-Oaș-Gutâi-Ţibleș
arc segment (Pécskay et al., 1995b, 2000; Roșu et
al., 1997).

The earliest volcanic rocks are Lower Bade-
nian (ca. 15 Ma old) dacitic tuffs, the age of which
is inferred from stratigraphic relationships with
paleontologically dated Miocene sediments
(Roșu et al., 1997). Intermediate calc-alkaline
magmatic activity has produced complex volca-
no-intrusive structures. Except for lava flows and
associated volcaniclastic deposits in the Zarand
Mountains, most of the porphyritic andesites oc-
cur as small intrusive bodies (Roșu et al., 1997).

Table 1 Sample location, rock type, lithology and K–Ar ages (whole rocks) for Neogene magmatic rocks in Apuseni
Mountains. Abbreviation: �—andesite, ��—basaltic andesite, ��—trachyandesite, m�—microdiorite, �—dacite:
am— amphibole, bi—biotite, px—pyroxene, q—quartz. Sources of K–Ar ages are from: (1) Pécskay at al., 1995; (2)
Roșu et al., 1997; (4) this study. Geochemical data are from: (3) Alderton et al., 1998 and Alderton and Fallick, 2000;
(5) this study.
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Basins development in the central part and west-
ern half of the region (in the Zarand Mountains)
preserved the volcanic deposits in depressions.
The oldest rocks (>14 Ma) dated by radiometric
methods occur in the Roșia Montană-Bucium and
Brad areas (Fig. 2). Volcanic activity then started
in the west, in the Zarand basin, where K–Ar ages
of 13.4–12.4 Ma have been obtained. From 13 to
11 Ma, volcanic activity shifted towards the east,
occurring mostly in the eastern part of the WNW–
ESE “alignment” and in the southern half of the
NNE–SSW “alignment” (Fig. 1). At 11–9 Ma mag-
matic activity continued in the eastern part of the
WNW–ESE “alignment”, but shifted again into
the northern half of the NNE–SSW “alignment”
where it remained focused for the next 2 Ma (9–7
Ma) (Fig. 1). The only magmatic occurrence
younger than 7.4 Ma is at Uroi (1.6 Ma) at the
south-eastern most edge of the Apuseni Moun-
tains, after a gap in activity of about 6 Ma. The
andesites at Moigrad are 12.4 ± 1.3 Ma old, well
within the range of the rest of the Apuseni Moun-
tains volcanic rocks.

Geochemistry

Major elements

Major element compositions of the studied sam-
ples are given in Table 2. With few exceptions,
most of them plot in the andesite field (Fig. 3). Be-
sides the alkaline rocks of Uroi, which plot in the
trachyandesitic and trachydacitic field, there are
other three rocks displaying high-K calc-alkaline
features. These are “Pârâul lui Toader microdior-
ite” (765), which plots in the basaltic-trachyande-

site field and the Zâmbriţa (766) sample in the
trachyandesite field, as do the Uroi trachyande-
site and trachydacite (UR3). Two of them belong
to the 7.4–10 Ma age group of the Săcărâmb area
(Figs. 1, 2, Table 2). The Moigrad andesite plots
within the medium-K andesite field together with
most of the Apuseni Mountains Neogene rocks.

Major element variations are typical for calc-
alkaline rocks, with MgO, FeO*, CaO and TiO2
decreasing with increasing SiO2. Na2O and P2O5
remain roughly constant as no significant plagio-
clase and apatite fractionation occurred during
magma evolution. When compared with Neogene
volcanics in the East Carpathian arc, the Apuseni
Mountains samples plot in a similar field to those
in the Gutâi Mountains (Kovacs et al., 1998), ex-
cept for the trachyandesites. Generally, they are
very similar to Neogene volcanics of any of the
East Carpathian arc segments, such as the Ukraini-
an Trans-Carpathian region (Seghedi et al., 2001),
or the Călimani-Gurghiu-Harghita chain (Seghedi
et al., 1995; Mason et al., 1996), but without large
major element variations.

Trace elements

Trace element contents are given in Table 2. Ni
and Cr contents show a large variation. Ni ranges
from 3.9 to 56 ppm, but most of the samples con-
tain <20 ppm. Seven samples have >20 ppm,
among them the Detunata basaltic andesite. Cr
contents vary from 5 to 90 ppm with the excep-
tion of the Detunata basaltic andesite (224 ppm).
Seven samples have >50 ppm Cr, among them
most are trachyandesites. The relatively high Ni
and Cr, along with high Mg# of the high-K rocks
is striking, as compared with the rest of the rocks.

Sample 790 5199 6922 400 2479 767 401 394 776 363 788 UR-3

La 15.70 11.50 13.90 46.50 20.70 23.40 23.30 25.20 91.70 30.60 20.4 111.30
Ce 35.10 27.80 30.60 85.20 45.50 45.80 41.10 47.37 178.8 62.59 43.00 205.70
Pr 4.10 3.56 3.57 9.17 5.27 5.46 6.02 5.58 20.44 7.34 5.06 21.50
Nd 15.80 14.60 13.80 27.50 20.70 19.10 21.70 15.40 66.40 21.00 19.40 67.3
Sm 3.28 3.38 2.94 4.20 3.98 3.29 4.16 3.33 9.43 4.62 3.76 8.76
Eu 0.97 0.94 0.87 1.21 1.28 1.05 1.25 1.02 2.51 1.27 1.22 2.32
Gd 3.48 4.13 3.23 3.30 4.00 3.40 4.66 3.05 6.50 3.95 3.79 5.53
Dy 3.68 4.59 3.32 2.65 3.85 2.99 4.41 2.80 4.02 3.42 3.40 3.26
Ho 0.73 0.93 0.65 0.55 0.76 0.59 0.88 0.56 0.75 0.67 0.66 0.57
Er 2.15 2.87 1.91 1.57 2.18 1.66 2.57 1.78 1.56 2.06 1.88 1.05
Yb 2.13 2.74 1.75 1.57 2.11 1.71 2.48 1.66 1.64 1.90 1.73 1.02
Lu 0.32 0.43 0.26 0.26 0.32 0.27 0.39 0.28 0.25 0.32 0.27 0.15

Eu/Eu* 0.88 0.77 0.87 0.99 0.98 0.97 0.86 0.98 0.98 0.91 1 1.02
(Ce/Yb)N 4.19 2.57 4.41 13.9 5.48 6.78 4.21 7.31 27.56 8.42 6.29 51.72
(Gd/Yb)N 1.31 1.2 1.46 1.69 1.51 1.58 1.5 1.48 3.15 1.67 1.75 4.37
(Yb/Lu)N 1.02 1 1.03 0.92 1.01 0.97 0.98 0.93 1 0.91 0.98 1.05

Table 3 REE for selected samples.
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Mg# displays a wide spectrum, from 0.35 to 0.65,
and is slightly higher among the younger rocks
(Table 2).

High field strength elements (HFSE) such as
Zr and Nb display a particular behaviour. Zr is in
the range 70–317 ppm while Nb varies from 8 to
30 ppm. They do not vary significantly with SiO2
content, but there is a slight increase of Zr with
increasing Mg#. The most intriguing feature is,
however, that the igneous rocks in the Apuseni
Mountains very clearly cluster in three groups ac-
cording to their Zr and, especially, Nb content
(Fig. 4). The rocks can be grouped in “low-Nb” (5–
12 ppm) to “medium-Nb” (15–20 ppm) and “high-
Nb” (>23 ppm) rocks. Uroi trachyandesites form
the high-Nb group. Detunata basaltic andesites,
two of the three high-K rocks and other three
samples belong to the medium-Nb group, while
all the remaining samples constitute the low-Nb
group. Zr content follows Nb as well, so that high-
Nb rocks are also high-Zr rocks, although Zr-clus-
tering is not as obvious as Nb-clustering. Data
suggest that HFSE distribution is source-control-
led and not related to differentiation processes.

Large ion lithophile elements (LILE), espe-
cially Sr (212–2770 ppm) and Ba (181–2165 ppm),
display a wide range of concentrations. They show
no correlation with SiO2 or Mg#, but correlate
positively with each other (Fig. 5). Although the
range in Sr and Ba concentrations is large, over
one order of magnitude, there are no obvious
gaps for high-Sr and/or high-Ba groups, as is the
case of the Nb groups. However, generally, low-Sr
rocks are older ones and high-Sr rocks are the
younger ones (Roșu et al., 2000). High-Sr and high-
Ba rocks are characteristic of the Apuseni Moun-
tains, but they are uncommon in the East Car-
pathian arc (Kovacs, 1998; Seghedi et al., 2001),
except for its southernmost segment where simi-
lar rocks are present (Seghedi et al., 1986, 1987;
Mason et al., 1996). Boștinescu and Savu (1996)
highlighted the andesites from the Deva area as
being high-Sr and high-Ba, in contrast to the other
Neogene volcanics in the Apuseni Mountains, but
our data show that high-Sr and high-Ba rocks are
not restricted to the Deva area. In addition to the
Neogene magmatic rocks, Savu (2001, 2002)
pointed out that Paleogene magmatic rocks in the
Mureș Valley are also enriched in Sr and Ba, sug-
gesting that the magmatic rocks have “adakitic
features”, controlled by tectonic processes.

An important characteristic of the Apuseni
Mountains samples is their high Sr/Y ratio (Fig.
6). This specific geochemical characteristic links
part of the Apuseni Mountains magmatism with a
particular association, i.e. the adakite-like rocks
of Defant and Drummond (1990). The term

“adakite” was defined as an intermediate to acid
calc-alkaline rock characterized by high Al2O3
and Sr, low Y and HREE, and MORB-like Sr and
Nd isotopic signature. Many of the younger calc-
alkaline rocks and all the alkaline rocks of the
Apuseni Mountains plot at the edge of the ada-
kite field (Fig. 6) as defined by Defant and Drum-
mond (1990). In the following we will use the term
adakite-like as a descriptive term, without genetic
connotation.

Incompatible trace element distribution, nor-
malized to N-MORB (Sun and McDonough,
1989), is displayed in Fig. 7. The patterns are typi-
cal for subduction-related magmatic rocks in
modern continental and island arcs, with obvious
negative spikes of Nb, P and Ti, and a strong posi-
tive Pb spike (Wilson, 1989). Most of the Săcă-
râmb, Baia de Arieș (younger than 10 Ma), Deva
and Uroi samples show higher incompatible ele-
ment concentrations and a Sr spike (Fig. 7). With
the exception of Pb, the Moigrad andesite is simi-
lar to the average incompatible trace element pat-
tern of the Zarand-Brad-Zlatna samples. Com-
pared to other Carpathian Neogene volcanic
rocks, trace element patterns in samples from the
Zarand-Brad-Zlatna are similar to those from the
Gutâi Mountains (Kovacs, 1998), Ukraine (Seg-
hedi et al., 2001) and the Călimani-Gurghiu-
Harghita volcanic chain (Mason et al., 1996).

REE geochemistry

Twelve samples of Apuseni Mountains Neogene
volcanic rocks have been analyzed for REE. The
results, along with some calculated parameters,
are given in Table 3. Chondrite-normalized REE
patterns, using the values of Sun and McDonough
(1989), are relatively smooth and slightly concave
for most of the analyzed rocks (Fig. 8). The most
basic rocks (the Detunata basaltic andesites) have
the smoothest patterns with no Eu anomaly. The
Moigrad andesite is strikingly similar to the Detu-
nata sample. Eu anomalies are absent or very low
(>0.86), with one exception, 0.77 for one of the
Zarand andesites (sample 5199, Table 3). Uroi
and Zâmbriţa alkaline rocks are different from
the other rocks, displaying strong enrichment in
LREE and important depletion of HREE. Gen-
erally the younger volcanics with higher-K con-
tent show higher LREE and a slight depletion in
HREE.

A comparison with the Neogene volcanics of
the Gutâi Mountains reveals a significant differ-
ence, with overall REE values being higher in the
Gutâi Mountains (Kovacs, 1998) than in the
Apuseni Mountains REE patterns in the Ukraine
volcanics (Seghedi et al., 2001) and in the Călimani-
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Fig. 5 Sr vs. Ba diagram for Apuseni magmatic rocks. Symbols as in legend of Fig. 3.

Fig. 6 Sr/Y vs. Y (Drummond and Defant, 1990) diagram discriminating between
adakitic and normal calc-alkaline compositions. Symbols as in legend of Fig. 3.

Fig. 4 Zr vs. Nb diagram for Neogene Apuseni magmatic rocks. Symbols as in legend of Fig. 3.
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Fig. 7 N-MORB normalized trace element diagram for samples grouped in four areas: Baia de Arieș-Bucium;
Zarand-Brad-Zlatna, Moigrad; Săcărâmb; Deva-Uroi. Normalizing coefficients from Sun and McDonough (1989).
Symbols as in legend of Fig. 3.

Fig. 8 Chondrite-normalized REE pattern for selected Apuseni Mountains magmatic rocks (Sun and McDonough,
1989). Symbols as in legend of Fig. 3.
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Gurghiu-Harghita volcanic chain (Mason et al.,
1996) are roughly similar to most of the Apuseni
Mountains rocks. Shoshonites and high-K rocks
in the South Harghita rocks (Seghedi et al., 1987;
Mason et al., 1996) have almost identical REE
patterns to those of the Uroi and Zâmbriţa trach-
yandesites.

Sr and Nd isotopes

Sr and Nd isotopic compositions (Table 2) are
plotted in Fig. 9 along with regions of known calc-

alkaline affinity (Aegean arc, Aeolian arc, East
Carpathians, West Carpathians). The data suggest
that adakite-like rocks plot at lower 87Sr/86Sr and
higher 143Nd/144Nd ratios, around the Bulk Silicate
Earth reservoir (Zindler and Hart, 1986), com-
pared with normal calc-alkaline samples, which
are much more scattered. The oldest measured
rock (790) has higher 87Sr/86Sr and lower 143Nd/
144Nd (Fig. 9).

Paleomagnetic data

Previous paleomagnetic data (Pătrașcu et al.,
1992, 1994; Panaiotu, 1998) show that large areas
from the Transylvanian basin, Apuseni Mountains
and Southern Carpathians suffered a post-
Eocene northward transport and a large clock-
wise rotation. Recent paleomagnetic studies on
the Miocene volcanic rocks from the Apuseni
Mountains (Panaiotu, 1998, 1999) combined with
the new K–Ar data yield further constraints on
the timing of the rotation.

Stable paleomagnetic directions from 65 sites
(Fig. 10) are characterized by a mean inclination
around 65° and a dispersion of declinations from
the mean direction recorded in the Late Creta-
ceous magmatic rocks (around 80º) toward the
north. Figure 11 shows the declination of sites
sampled both for paleomagnetism and K–Ar
ages. A gradual change of declinations through
time shows that most of the Tertiary clockwise ro-
tations were very fast: around 70º between 14.5
Ma and 12 Ma. Calc-alkaline volcanism took
place during this rotation. The adakite-like mag-
matism (with some exception in Deva and Săcă-

Fig. 9 87Sr/86Sr vs. 143Nd/144Nd variation of Apuseni Mountains magmatic rocks. Fields for alkali basalts (AB) from
Downes et al. (1995); for Upper Crust (UC) from Mason et al. (1996); for Aegean arc from Briqueu et al. (1986); for
East Carpathians arc from Mason et al. (1996); for West Carpathians from Salters et al. 1988; for Aeolian arc from
Ellam et al. (1988). Symbols as in legend of Fig. 3.

Fig. 10 Equal area projection of site-mean directions
for all sampled Neogene volcanic rocks. Reversed
magnetizations were inverted through the origin; so all
directions are plotted in the lower hemisphere. Symbols:
open triangles—common calc-alkaline; black squares —
adakite-like rocks.
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râmb areas) roughly came after the cessation of
the large clockwise rotation.

Clockwise rotation in the Tisia block started
after collision of the northern part of the Alcapa
block with the European continental margin at
about 16 Ma (Panaiotu, 1998). Collision provided
the local causes for both a very rapid migration to
the east of the slab’s hinge and slab detachment,
which then started to migrate eastward. This fast
rotation corresponds to a period of strike-slip
faulting with the accommodation of extension
through pull-apart structures in the Pannonian
Basin (Maţenco, 1997; Fodor et al., 1999) and to
extremely rapid Middle Miocene depocentre shift
(around 500 km between 15.5 Ma and 11.5 Ma)
coupled with a change in direction of the Car-
pathian foredeep depocentre migration (Meu-
lenkamp et al., 1996). The paleomagnetic results
show that the Miocene volcanism from the
Apuseni Mountains took place in a very dynamic
rotational setting.

Discussions and conclusions

Magmatism in the Apuseni Mountains shows spe-
cific geochemical peculiarities which vary with
age, e.g. a general increase of Na2O+K2O, P2O5,
Mg#, Nb, 144Nd/143Nd and decrease of 87Sr/86Sr ra-
tio, suggesting more alkaline and at the same time
more primitive sources (Szakács et al., 1999; Roșu
et al., 2001). Petrographic and geochemical com-
positions of the Apuseni Mountains rocks do not
satisfy the criteria for identifying significant frac-
tionation processes (e.g. narrow SiO2 interval,
lack of Eu anomaly, lower Sr and higher Nd iso-
tope ratios for younger magmatic products). Most
of the rocks plot in the andesitic field, with few
basaltic andesites, and in addition they show (ac-

cording to their high Sr/Y ratio) an adakitic-like
character for most of the rocks younger than 12.5
Ma.

The common (non-adakitic) calc-alkaline
rocks have high 87Sr/86Sr for the older rocks, sug-
gesting that in the initial stages of magma genera-
tion either a larger amount of assimilation-frac-
tional crystallization (AFC) occurred in interme-
diary magma chambers or the source had a higher
initial 87Sr/86Sr (Fig. 12). This observation can be
seen at a regional and at local scale in each volca-
no-intrusive structure, suggesting that there are
specific relationships with age, which suggest a
higher 87Sr/86Sr ratio for the Roșia Montană-
Bucium and Zarand-Brad areas. On the other
hand, high Ba/La ratios (Fig. 13), as well as high
Ba/TiO2 (Fig. 12), Ba/Nb and Th/Nb ratios suggest
significant fluid involvement during magma gen-
eration, especially after 12 Ma, indicating the on-
set of the conditions required for the generation
of adakitic-like magmas. The variable Ba/La ratio
for the rocks of the same age interval (especially
for the 12–10 Ma group) also suggests variable
fluid involvement in magma generation (Fig. 12),
which would characterize a heterogeneous, varia-
bly fluid-rich source, probably the lower crust or
upper lithospheric mantle, and not asthenosphere,
which normally is much more homogeneous. The
observed temporal changes in source composi-
tion may have resulted from variability in the in-
trinsic composition of the source, compatible with
a lower crust and/or mantle lithosphere origin.
Also, the presence of garnet-bearing andesites in
the Apuseni area (not analyzed here), along with
variable depletion in HREE of some of the ana-
lyzed samples (suggesting some garnet and/or
amphibole removal) requires a deep-seated hy-
drous source and rapid ascent to the surface along
deep-seated faults in a tensional stress regime, as

Fig. 11 Declination versus age for sites sampled both for paleomagnetism and K–Ar ages.
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suggested by Harangi et al. (2001) for such rocks.
However, variable and higher Nb and Nb/Y ratios
in younger rocks (towards the OIB field) also sug-
gest involvement of the asthenosphere in magma
generation, probably via mixing with lower crust/
mantle lithosphere-derived magmas (Fig. 13).
This is most obvious for the magmas generated
between 10–7.4 Ma and for the youngest alkaline
rocks (1.6 Ma), suggesting a higher degree of in-
volvement of asthenospheric (OIB-like) melts for
the younger products, along with a still important
hydrated source.

Based on K–Ar determinations and strati-
graphic data, the Neogene magmatic activity in
the Apuseni Mountains occurred between 14.7
and 7.4 Ma and (after a long gap) at around 1.6
Ma. The relationships between Miocene magma-
tism and extensional tectonics thereby, are of
prime importance. Geodynamic conditions were
not related to contemporaneous subduction, as
the area was situated in a continental block affect-
ed by transtensional tectonics, which generated
horsts and grabens and narrow sedimentary ba-
sins. As a consequence the magmas were derived
initially from a source situated at the crust-litho-
spheric mantle boundary (low-Nb) and later from
uprising asthenosphere (high-Nb, low 87Sr/86Sr ra-
tio), as suggested by isotopic and trace element
data. Higher 87Sr/86Sr ratios occur in the older
rocks (>13 Ma), whereas younger ones have low-
er values. Thus upper crustal contamination was
notable only in the initial stages and unimportant,
as well as fractional crystallization processes, in
later stages.

The lithospheric source must have been par-
ticularly rich in fluids. High LILE contents of the
magmas favour a source-enrichment by subduc-

tion processes, in an old tectonic event and/or dur-
ing the Eocene–Miocene subduction, prior to ini-
tiation of rollback processes in the front of the
Carpathian subduction zone. The evolutionary
trend from common calc-alkaline to adakite-like
calc-alkaline and alkaline magmas is also largely
variable in time and space and may have been a
direct consequence of the extensional tectonic re-
gime. Our preferred mechanism of magma gener-
ation is decompression melting facilitated by a
transtensional tectonic regime (as suggested by
Hooper et al., 1995; Hawkesworth et al., 1995; Wil-
son et al., 1997). Variable rotational movements
between 40 and 15 Ma and mostly from 14 to 12
Ma may have accentuated the brittle tectonic and
tensional stress field regime of the Apuseni part
of  the Tisia block and induced lower crust-litho-
sphere melting. Tensional fractures facilitated as-
cent of the early magmas, which experienced
some fractionation and contamination in shallow
magma chambers. Acceleration of the extensional
regime favoured asthenospheric upwelling at the
base of the lithosphere and as a consequence an
increase in temperature, which created the neces-
sary conditions for further adakite-like magma
generation (fluid-present melting) of a fluid-rich
upper lithospheric mantle or lower crustal source,
but also mixing with asthenosphere-derived
melts. This is one way to produce adakite-like
magmas, the presence of which suggests deriva-
tion from high-pressure partial melting of either
subducted oceanic crust or underplated or delam-
inated lower crustal basic material (Defant and
Drummond, 1990; Martin, 1999; Xu et al., 2002).

The rotations between 14 Ma and 12 Ma faci-
litated the necessary pathway for emplacement of
common calc-alkaline and then adakite-like calc-

Fig. 12 87Sr/86Sr vs. Ba/TiO2 diagram for Apuseni Mountains magmatic rocks. Symbols as in legend of Fig. 3.
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alkaline and alkaline magmas after the end of
clockwise rotation. The geochemical and isotopic
features of the 12.5 Ma Moigrad andesite, situated
much further to the north, suggest a similar mag-
ma genesis as for the common Apuseni calc-alka-
line magmas, during important clockwise rotation.
After ~12.5 Ma generation of the common calc-al-
kaline magmas declined in favour of adakite-like
calc-alkaline and alkaline magmas. Trachyandesite
generation after a gap of 6 Ma suggests a different
tectonic setting, but also extensional, as it is con-
temporaneous with alkali-basaltic magmatism
(2.5 Ma) (Downes et al., 1995) along the same
South Transylvanian fault (Szakács and Seghedi,
1996). The geochemical and isotopic features of
the trachyandesites suggest mixing of astheno-
spheric (low 87Sr/86Sr and high Nb) and litho-
spheric components, as the trachyandesites fall
close to the adakite-like field.

The most important petrogenetic process in-
volved in magma generation in the Apuseni
Mountains is probably variable degrees of partial
melting of a heterogeneous source, which was iso-
topically depleted, but enriched in incompatible
elements. The initial crustal contamination and
insignificant fractional crystallization processes is
characteristic for an initial storage of the magmas
in the crust. Further rapid ascent of magmas was
favoured by the increasingly extensional regime
in which the magmatic province evolved. Al-
though dominantly calc-alkaline, extension-relat-
ed magmatism in the Apuseni Mountains is asso-
ciated with minor alkaline magmas, which occur
late in the magmatic sequence, suggesting an as-
thenospheric source beneath the attenuated

lithosphere or a decrease in the degree of melting
at the end of extensional processes.

Our petrogenetic model, which suggests a
fluid-rich upper lithospheric source, supports the
unique metallogenetic features of the Apuseni
area characterized by numerous porphyry cop-
per-gold deposits (although many sub-economic
class), base metal, world-class gold deposits and
rich smaller deposits showing an uncommon den-
sity of ore bodies (Udubașa et al., 2001).
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E. Roşu et al.172

Thirlwall, M.F. (1991): Long-term reproducibility of
multicollector Sr and Nd isotope ratio analyses.
Chemical Geology, Isotope Geoscience Section 94,
85–104.

Udubașa, G., Roșu, E., Seghedi, I. and Ivășcanu, M.P.
(2001): The “Golden quadrangle” in the Metaliferi
Mountains, Romania: what does this really mean?
Rom. Jour. Min. Dep. 79/2, 24–34.

Zindler, A. and Hart, S.R. (1986): Chemical geodyna-
mics. Ann. Rev. Earth Planet. Sci. 14, 493–571.

Walsh, J.N., Buckley, F. and Barker, J. (1981): The simul-
taneous determination of the REE in rocks using
inductively coupled plasma source spectrometer.
Chemical Geology 33, 141–153.

Wilson, M. (1989): Igneous Petrogenesis, a global tec-
tonic approach. Chapman and Hall, London, 466 pp.

Wilson, M., Tankut, A. and Guleč, N. (1997): Tertiary vol-
canism of the Galatia province, north-west Central
Anatolia, Turkey. Lithos 42, 105–121.

Xu, J.F., Shinjo, R., Defant, M.J., Wang, Q. and Rapp, R.P.
(2002): Origin of Mesozoic adakitic intrusive rocks
in the Ningzhen area of east China: partial melting
of delaminated lower continental crust? Geology 30,
1111–1114.

Received 25 July 2003
Accepted in revised form 29 March 2004
Editorial handling: T. Driesner


