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REVIEW ARTICLE

Miocene extension and magma generation in the Apuseni Mts. (western 
Romania): a review

Ioan Seghedi a, Theodoros Nta�os b, Zoltan Pécskay c, Cristian Panaiotu d, Viorel Mirea a 

and Hilary Downes e

aInstitute of Geodynamics “Sabba S. Stefănescu”, Romanian Academy, Bucharest, Romania; bDepartment Of Lithospheric Research, University 
Of Vienna, Vienna, Austria; cIsotope Climatology And Environmental Research Centre (ICER), Institute For Nuclear Research, Hungarian 
Academy Of Sciences, Debrecen, Hungary; dPaleomagnetic Laboratory, University Of Bucharest, Bucharest, Romania; eDepartment Of Earth 
And Planetary Sciences, Birkbeck University Of London, London, UK

ABSTRACT

The Apuseni Mts. is a key area to study the interplay between intra-continental extensional 
tectonics, sedimentation, and magmatism. These events occurred from ~14.5 to 7 Ma, covering 
the collision of the Tisza-Dacia mega-unit with the East European Platform at ~11 Ma and 
formation of a thin-skinned fold-thrust belt in the East Carpathians. The Zărand-Brad-Zlatna 
basin (~120 km in length) is the main graben system associated with the magmatic activity. To 
its south, it is bounded by two younger (<12 Ma) sub-basins: Caraci and Săcărâmb both hosting 
active magmatism. To the north-east, the smaller Roşia Montană–Baia de Arieş–Bucium sub-basin 
and, to the south-east, the Deva sub-basin are also associated with magmatism. Several andesite 
intrusions are also known in the northernmost Apuseni Mts. at Moigrad. Volcanism from ~14.5 to 
~12 Ma displays a typical calc-alkaline a?nity with high 208Pb/204Pb (38.6–38.8) and 207Pb/204Pb 
(15.65–15.67), moderate to high 87Sr/86Sr (0.7047–0.7085) and low to high δ18Owr (>7‰) values. 
The younger igneous rocks (<12 Ma) show high Sr/Y and a variable but signiIcant enrichment in 
LILE up to ~7 Ma, coupled with low 87Sr/86Sr (0.7040–0.7045), low 208Pb/204Pb (38.2–38.6) and 
207Pb/204Pb (15.59–15.63), and low δ18O (5.5–5.7‰). The geodynamic evolution of the area started 
as regional transtensional with rotational tectonics generating horst and graben structures and 
ended with a transpressional event. This setting provided the conditions for the formation of 
a large underplated magma chamber at the crust – mantle boundary (MASH zone), in response to 
hot upwelling convective asthenosphere. Melting of the lower crust and mixing with mantle melts 
may have played an important part in the magmatic evolution. The spatial and temporal changes 
in composition were generated in magma at the crust – mantle boundary, with diKerent crustal 
thicknesses. Further crustal assimilation and minor fractional crystallization in crustal magma 
chambers were characteristic for each region.
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1. Introduction

The Alpine-Himalayan collision system is marked by 
scattered and discontinuous igneous activity, mostly 
post-dating the diachronous continent–continent colli-
sional. This magmatism involves melt generation from 
both mantle and crustal sources (e.g. Lustrino et al. 2011; 
Prelević and Seghedi 2013; Chung et al. 2005; Niu et al. 
2013), with overall geochemical characteristics resem-
bling magmas generated in subduction systems 
(Seghedi et al. 2004; Dilek and Altunkaynak 2009; Ersoy 
and Palmer 2013). In spite of the wealth of data for these 
igneous rocks, understanding of the petrogenetic pro-
cesses and the extent of crustal involvement remains 
controversial (e.g. Hu et al. 2017; McNab et al. 2018; 
Uslular and Gençalioğlu-Kuşcu 2019; Rabayrol et al. 

2019). An approach trying to link geodynamic processes 
(e.g. continent–continent collision; extensional post- 
collisional processes) with the geochemical ‘response’ 
of various sources (mantle/crust) may help in unravelling 
the complex interplay between tectonic and magmatic 
processes. Here we review the Miocene volcanism in the 
Apuseni Mts., one of the largest and most complex 
magmatic districts within the Carpathian-Pannonian 
region, situated ~200 km away from any identiIed 
Miocene subduction system (e.g. Linzer 1996; 
Ustaszewski et al. 2008; Schmid et al. 2008, 2020; Van 
Hinsbergen et al. 2020). In this work, we interpret all 
available geochemical, petrological, and geochronologi-
cal data, and complete these with some new results for 
volcanic areas not yet discussed, including some special 
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petrographic types (e.g. garnet-bearing and Roşia 
Montană rocks), to obtain the broadest possible picture. 
Our aim is to improve the understanding of magmatism 
in extensional intracontinental orogenic systems in 
general.

This review incorporates studies of the geological 
setting (e.g. Săndulescu 1988; Balintoni and Vlad 1998; 
Seghedi et al. 1998, 2004; Csontos and Vörös 2004; 
Neubauer et al. 2005; Seghedi and Downes 2011) and 
the geochronology, petrography, mineralogy, whole- 
rock geochemistry, and Sr-Nd-Pb-O isotopic characteris-
tics of the Miocene magmatic products (Downes et al. 
1995; Pécskay et al. 1995, 2006; Roşu et al. 2004; 
Kouzmanov et al. 2003, 2005, 2006, 2007; Hindson 
2009; Seghedi et al. 2004, 2007, 2008, 2010; Tschegg 
et al. 2010; Harris et al. 2013; Gallhofer 2015; 
Supplemental online Table S 2.2). It also presents new 
geochemical and K-Ar data (Supplemental online Table 
S1 and S 2.1).

2. Location

The Carpathian orogenic belt resulted from oblique con-
vergence during orogenic subduction and continent– 
continent collision that drove the ALCAPA (ALpine- 
CArpathian-PAnnonian) and Tisza (also known as 
Tisia)–Dacia Mega-Units into the Carpathian embay-
ment, a bay area close to the stable East-European 
/Moesian domain (e.g. Săndulescu 1988; Csontos 1995; 
Schmid et al. 2008, 2020). This convergence resulted in 
large-scale tectonic deformation and rotations in the 
interior of the Carpathians and formation of several 
extensional basins (e.g. Horváth 1993; Csontos 1995; 
Fodor et al. 1999; Horváth et al. 2015; Balázs et al. 2016).

The Apuseni Mts. are located ~200 km behind the 
present-day collision front of the Carpathians. They are 
considered to be a relic of a wider and continuous 
mountain chain between the Dinarides and the 
Carpathians formed at the end of the Palaeogene 
(Maţenco 2017). During the Middle Miocene, extension 
occurred in the Pannonian Basin coupled with magmatic 
activity in the Apuseni Mts., which continued until the 
Late Miocene (Roşu et al. 1997, 2004; Seghedi et al. 
2004). This magmatism was followed by the formation 
of several small basins in the eastern part of the Great 
Hungarian Plain towards the Apuseni Mts., which are 
characterized by half-graben geometries, arcuate 
shapes, and NW-SE strikes (from north to south: 
Derecske-Borş-Borod, Beiuş, Békés-Grăniceri-Zărand; 
e.g. Săndulescu 1988; Balázs et al. 2016; Figure 1a). The 
basin structures were formed as low-angle detachments 
with footwall exhumation controlling half grabens that 
exhumed deep crustal rocks (Tari et al. 1999; Fodor et al. 

1999; Csontos and Nagymarosy 1998; Balázs et al. 2016). 
However, with the exception of the Derecske basin, the 
footwalls of such structures along the western margin of 
the Apuseni Mts. are unmetamorphosed. Sedimentary 
inIll in these extensional grabens varies from a few tens 
of metres up to a few km (e.g. Horváth et al. 2006). Below 
the largest Békés-Zărand basin, upwelling of the asthe-
nospheric mantle to 40–45 km depth has been inferred 
from geophysical observations and numerical modelling 
(Tari et al. 1999; Balázs et al. 2017).

Based on their diKerent pre-Alpine geological evolu-
tion (e.g. Ianovici et al. 1969, 1976; Bleahu et al. 1981; 
Săndulescu 1984; Balintoni 1994, 1997; Dallmeyer et al. 
1999; Pană et al. 2002; Schmid et al. 2008, 2020; Balintoni 
et al. 2010), two main structural units have been recog-
nized in the Apuseni Mts.: North Apuseni and South 
Apuseni (Figure 1a).

From a geotectonic point of view, the Apuseni 
Mountains are located at the contact between the 
merged Tisza and Dacia continental microplates 
(Figure 1a). The South Apuseni comprises Jurassic 
Transylvanian ophiolitic nappes (equivalent of the East 
Vardar ophiolites), which according to Schmid et al. 
(2008) overlie the Dacia Unit. Schmid et al. (2008) attrib-
uted the Biharia Nappe System to the Dacia Unit based 
on the fact that the Transylvanian Ophiolitic Nappes (e.g. 
Savu 1996; Saccani et al. 2001; Bortolotti et al. 2002; 
Nicolae and Saccani 2003; Hoeck et al. 2009; Ionescu 
et al. 2009; Gallhofer 2015) overlie the Bucovinian 
Nappe System and the Biharia Nappe System (e.g. 
Săndulescu 1984; Krézsek and Bally 2006). However, 
other authors (e.g. Csontos and Vörös 2004; Haas and 
Péró 2004) previously considered it to be an integral part 
of Tisza. Gallhofer et al. (2017) proposed a geodynamic 
evolution in which the Late Kimmeridgian (150–153 Ma) 
was the maximum age of emplacement of the South 
Apuseni ophiolites and associated granitoids onto the 
Dacia Unit. An Albian to Turonian age (110–90 Ma) was 
proposed for the main deformation that formed the 
present-day geometry of the Apuseni nappe stack, 
which also led to a pervasive retrograde greenschist- 
facies overprint (Reiser et al. 2016).

Late Cretaceous basins (with Gosau-type sediments; 
Schuller et al. 2009) unconformably developed over all 
the tectonic units after the Late Cretaceous convergence 
and were intruded by coeval calc-alkaline magmas (e.g. 
Berza et al. 1998; Gallhofer et al. 2015; Vander Auwera 
et al. 2015). The post-Palaeocene tectonic uplift of the 
Apuseni Mts. area interrupted sedimentation until Early- 
Middle Miocene. The Miocene evolution of the Apuseni 
Mts. is related to brittle tectonics (Săndulescu 1988), 
marked mainly by complex extensional graben-like 
structures, which opened along the western edge of 
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the Apuseni Mts. (e.g. Csontos 1995; Balázs et al. 2016). 
From the Badenian (Serravalian in Standard 
Chronostratigraphy) onwards, the Apuseni Mts. 
remained as a high relief segment after the general 
subsidence of the Pannonian Basin and Transylvanian 
Basin. Recent models of crustal structure that cover all 
the western part of Romania, based on multiple 

geophysical methods, suggest a variable Moho depth 
of 24–28 km in the Zărand basin and more than 35 km in 
the Deva area (Bala et al. 2017). Development of 
Neogene volcanism followed the extension and forma-
tion of the Middle Miocene sedimentary strata in the 
Zărand Basin (e.g. Ghiţulescu and Socolescu 1941; 
Ianovici et al. 1969 and references therein). Radiometric 

Figure 1. A) Sketch map of the Carpathian – Pannonian region (simplified after Schmid et al. 2008) showing the Miocene – Quaternary 
magmatism (simplified after Pécskay et al. 2006) with late Miocene – Quaternary sedimentary cover; Figure 1b in a frame; Moigrad 
occurrences are north of the Apuseni Mts.; MHFZ – Mid Hungarian Fault; D-B-D – Derecske-Borş-Borod, B – Beiuş and B-G-Z – 
Békés-Grăniceri-Zărand grabens;Lucareţ Pleistocene alkali basalts are shown; the red vertical line indicate the profile in the Figure 13; 
b) Sketch of Miocene magmatic rock occurrences in the NW-SE graben structures in the South Apuseni Mts., separated into main Zărand- 
Brad-Zlatna (Group 1-Z) graben-type basin and several sub-basins Caraci (Group 1.1-C), Săcărâmb (Group 1.2-S), Roşia Montană – Baia de 
Arieş area (Group 2-N) and Deva (Group 3-S), after the Geological map of Romania (1:1,000,000). A simplified stratigraphic column 
showing lithologies and ages studied and discussed in text is given.
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ages and magnetic polarity data are in agreement with 
biostratigraphy (Pécskay et al. 1995; Roşu et al. 1997, 
2004).

Miocene magmas did not pierce all the NW-SE strik-
ing grabens at the western margin of the Apuseni Mts., 
but mainly the Zărand-Brad-Zlatna basin and several 
small wedge-like basins connected to the south of the 
Zărand-Brad-Zlatna, such as the Caraci (Jude et al. 1973) 
and Săcărâmb sub-basins (e.g. Bleahu et al. 1981; 
Neubauer et al. 2005; Figure 1b). Magmatism also 
occurred in several other small grabens in the central 
part of Apuseni Mts., towards the north in the Roşia 
Montană – Baia de Arieş area (Ilie 1958) and south, in 
the Deva area, where the volcanic structures and sub-
volcanic-hypabyssal intrusions cluster as isolated bodies 
(e.g. Boştinescu and Savu 1996; Figure 1b). Middle–Late 
Miocene shallow marine to lacustrine sediments Ills all 
these basins (Bleahu et al. 1981; Balintoni and Vlad 1998; 
Csontos et al. 2002; Figure 1b). Several isolated andesitic 
shallow intrusions are situated in North Apuseni at 
Moigrad (e.g. Roşu et al. 2004; Figure 1a). The igneous 
rocks discussed here will be separated according to their 
a?liation with the basin system in which they occur as 
follows: Group 1-Z for the Zărand-Brad-Zlatna basin, the 
main graben system; Group 1.1-C and 1.2-S representing 
the two smaller south-directed wedge sub-basins, Caraci 
and Săcărâmb; Group 2-N for the north-eastern Roşia 
Montană–Baia de Arieş–Bucium basin system and 
Group 3-S for the south-east Deva basin system. 
Moigrad rocks are represented by one sample.

The magmatism is typical subalkaline and interpreta-
tions generally assumed that it was generated by 
decompression melting during extension (e.g. Roşu 
et al. 2004; Seghedi et al. 2004) of a mantle source that 
had been metasomatized during an older subduction 
event (e.g. Cretaceous; Harris et al. 2013). This is in 
agreement with structural observations, which indicate 
that the onset of extension began in Middle Miocene (i.e. 
~16 Ma). Subsequent normal faulting and further activa-
tion of listric normal faults and clockwise rotation of the 
hanging walls coeval with the main collapse phase of the 
Pannonian Basin are recorded also during the upper part 
of the Middle Miocene (e.g. Dinu et al. 1991; Csontos 
1995; Balázs et al. 2016).

Roşu et al. (2004) and Harris et al. (2013) described 
a temporal transition from typical calc-alkaline to ada-
kite-like calc-alkaline rocks and considered them as 
related to magmas favoured by increased extension 
and increasing degrees of partial melting of 
a metasomatized mantle/lower crust heterogeneous 
source, which was isotopically depleted but enriched in 
incompatible elements. The extensional regime asso-
ciated with asthenospheric upwelling was ascribed to 

the eastward translation and fast clockwise rotation of 
the Tisza-Dacia Mega Unit during Middle Miocene times 
(e.g. Roşu et al. 2004; Seghedi et al. 2004).

Pleistocene eruptions of intraplate alkalic basaltic 
magmas with an asthenospheric origin (ocean-island 
basalt (OIB)-like) occurred under local extension along 
the South Transylvanian fault system in the South 
Apuseni Mts (e.g. Downes et al. 1995; Tschegg et al. 
2010) but are only considered in this study as an exam-
ple of a local genuine asthenosphere-derived magma.

3. Volcanological outline

Miocene magmatic rocks occur in both volcanic and 
intrusive subvolcanic forms in the Apuseni Mts. The 
westernmost volcanic rocks cropping out in the Zărand 
Basin form isolated lava domes and volcaniclastic depos-
its belonging to the strongly eroded composite Bontău 
volcano (Seghedi et al. 2010; Figure 1b). Towards the 
south-east sector, the eroded complex volcano of Caraci 
developed into a small wedge-like basin linked to the 
Zărand basin. Its central part is a dome extrusion of 
basaltic andesite composition, surrounded by older 
andesitic lava �ows and volcaniclastic deposits cut by 
dykes and vent breccia (Jude et al. 1973).

Multiple clustered volcano-intrusive complexes crop 
out from Brad to Zlatna. The same holds for the younger 
(<12 Ma) associated Săcărâmb wedge-shaped sub-basin 
to the south, which trends NNW-SSE. The other two 
small sub-basins, Roşia Montană – Baia de Arieş – 
Bucium and Deva, are characterized by individual eKu-
sive volcanic centres and/or intrusive bodies (Figure 1b).

Numerous small-sized intrusive bodies (metres up to 
hundred metres) occur, including dykes, sills, micro- 
laccoliths, and intrusive breccias. Some of them likely 
represent the roots of volcanoes that were dominated 
by lavas and dome structures (Lexa et al. 2010). 
Magmatic activity in the Apuseni Mts. was characterized 
by both low-frequency and low-output rate. Since mag-
matism was active over a time span of 7 Myr (~14.5–7 
Myrs), it can be assumed that the long-lived Miocene rift 
graben system experienced stepwise changes in fracture 
propagation that promoted repeated dyke intrusion to 
generate numerous mostly small-sized volcanic forms.

4. Eruptive history

Miocene magmatic activity developed between 14.6 and 
~7 Ma, based on whole-rock K-Ar (Pécskay et al. 1995; 
Roşu et al. 1997, 2004) and zircon dating (Kouzmanov 
et al. 2003, 2005, 2006, 2007) (Figure 2a). Recently 
reported U-Pb zircon ages (e.g. Holder 2016; Brunner 
et al. 2018; Ene et al. 2019) are mostly in agreement 
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with the K-Ar data, but occasionally yield younger ages. 
Based on the K-Ar dates and palaeomagnetic data, an 
initial 70° clockwise block rotation of Tisza–Dacia 
occurred between 15 and 13 Ma, followed by a further 
30° rotation at ~12.1 to 12.3 Ma that coincided with 
development of the NW-SE graben in the main Zărand- 
Brad-Zlatna basin. This was a period of typical calc- 
alkaline magma generation (Figure 2b; Panaiotu 1998; 
Pătraşcu et al. 1994; Roşu et al. 2004). As rotations ended 

at ~12 Ma, further high Sr/Y calc-alkaline magmas were 
generated (Roşu et al. 2004), but also typical calc-alkaline 
magmas (e.g. Caraci and Bontău volcanoes; this study). 
Between ~12 and 10 Ma, and at the end of volcanic 
activity at ~8 Ma, volcanism developed in wedge-like 
graben structure formed along the southern part of the 
Zărand-Brad-Zlatna basin, which shows the develop-
ment of en-echelon faulting related to the end of block 
rotations (Seghedi et al. 2004; Roşu et al. 2004; Neubauer 

Figure 2. A) Time evolution of volcanic activity in the South Apuseni Mts. for the various basins and sub-basins: from North to South: Roşia 
Montană-Baia de Arieş-Bucium (Group 2-N) sub-basin; Zărand-Brad-Zlatna (Group 1-Z) basin; Caraci (Group 1.1-C); Săcărâmb (Group 
1.2-S) and Deva (Group 3-S) sub-basins. Dashed line marks the end of clockwise rotations at 12.1–12.3 Ma; b) Palaeomagnetic declination 
versus age for igneous rocks sampled both for palaeomagnetism and K–Ar ages (Roşu et al. 2004; this study). For each site the error bars 
for both palaeomagnetic declination and age are shown. The arrow marks the period of clockwise tectonic rotation. Symbols: Filled red 
pentagon-Group 2-N; Filled red triangles-Group 1-Z; fill green circle-Group 2-N; filled green triangles: Group 2-N; Green crosses: Group 
3-S. The red symbols in both a) and b) panels denote typical calc-alkaline rocks and the green symbols are high-Sr/Y calc-alkaline rocks. The 
new data complete and strengthen the previous results.
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et al. 2005). In the Zărand-Brad-Zlatna, high Sr/Y calc- 
alkaline magmas are absent, and magmatic activity 
ceased at ~10 Ma with the Inal products of the Bontău 
and Caraci volcanoes (Jude et al. 1973; Seghedi et al. 
2010; this study, see Supplemental online Table S1).

The most complex area, where active magmatism 
occurred over the longest time interval, is the northern-
most Roşia Montană – Baia de Arieş area (~14.6–7 Ma). 
Here, typical calc-alkaline activity was followed by high- 
Sr/Y calc-alkaline magmatism and Inally by emplace-
ment of the least evolved products of the entire district, 
the two Detunata basaltic andesite necks (e.g. Roşu et al. 
2004; Harris et al. 2013).

5. Petrography and classi#cation

5. 1. Petrography

Miocene igneous rocks from the Apuseni Mts. are pre-
dominantly amphibole- and pyroxene-bearing ande-
sites, though there are small volumes of basaltic 
andesites and dacites. Approximately 120 samples have 
been selected from the analysed and published in pre-
vious studies and 17 samples are new data 
(Supplemental online Table S2.1 and S2.2).

5.1.1 Basaltic andesites

Basaltic andesites occur as intrusion in the Detunata hills 
or lavas in the Bontău volcano. Basaltic andesites are 
either strongly porphyritic (clinopyroxene as pheno-
crysts) or aphyric (e.g. Detunata; Caraci dome), with 
40–70 vol. % of microphenocrysts. Plagioclase is the 
dominant phase. Clinopyroxene is the principal maIc 
mineral. There are also orthopyroxene and olivine (only 
at Detunata) and rare amphibole (<5%). Plagioclase 
microphenocrysts are smaller in size (<0.2 to 3 mm) 
with respect to clinopyroxene and amphibole ones, 
and commonly show sieve-textured cores and rare oscil-
latory zoning. Clinopyroxene phenocrysts are very vari-
able both in modal abundances (20–40 vol.%) and in 
grain size, with the largest phenocrysts being 5 mm. 
Clinopyroxene crystals occur in aggregates or rarely 
with amphibole, and contain inclusions of opaque 
minerals, apatite, and plagioclase. Amphibole micro- 
phenocrysts vary in size from <0.5 mm up to 5 mm in 
length, ranging from <1 to 5 vol. %. All amphibole micro- 
phenocrysts have opaque reaction rims or are comple-
tely pseudomorphed. Orthopyroxene shows variable 
abundance (1–5%) ranging in size from 0.2 to 2 mm. 
Most crystals are surrounded by reaction rims of clino-
pyroxene and opaques. Olivine is rare, occurring solely in 
Detunata basaltic andesites. The largest olivine is ~3 mm 
in size. The groundmass is glassy and contains Ine- 

grained (<0.01 mm) aggregates of plagioclase, clinopyr-
oxene, and opaques.

5.1.2 Andesites

Andesite is the most common and volumetrically domi-
nant rock type. Andesites display a wide spectrum of 
varieties and occur in all the areas. Two-pyroxene vari-
eties prevail in the west (Group 1-Z and 1.1-C), whereas 
amphibole- and biotite-bearing varieties mostly crop out 
in the east (all areas). The amphibole–pyroxene ande-
sites occur all over. The rocks are slightly to strongly 
porphyritic, with a phenocryst assemblage dominated 
by plagioclase, followed either by pyroxene (clinopyrox-
ene and orthopyroxene) or amphibole and lesser biotite. 
The phenocrysts are up to 1 cm in maximum dimension, 
with an average size between 3 and 5 mm, with abun-
dances from 20 to 70 vol. %. All plagioclase phenocrysts 
show well-developed polysynthetic twinning and only 
few show zoning; some crystals have distinctive outer or 
inner resorption zones surrounded by clear rims, while 
others have sieved altered cores densely clouded by very 
Ine grained (<0.02 mm) phyllosilicates and opaques. In 
the two-pyroxene varieties, clinopyroxene and orthopyr-
oxene are present in equal amounts and are the domi-
nant phenocryst phases (<0.05 to 2 mm in size), while in 
the amphibole- and biotite-bearing andesites clinopyr-
oxene prevails. Amphibole is a major phenocryst phase; 
reddish brown or dark green in colour and ranging in 
size from <0.05 (microphenocrysts) to 7 mm (pheno-
cryst). Crystals often have dark brown oxidized margins 
or altered/resorbed cores. Biotite is present as isolated 
�akes up to 1 mm in length in rocks from the eastern 
areas. Opaque minerals are generally <0.3 mm in size, 
and rarely up to 0.6 mm. The groundmass is rich in 
microlites (plagioclase, clinopyroxene, orthopyroxene) 
and glass. Amphibole ± clinopyroxene ± biotite andesite 
varieties are moderately to strongly porphyritic and have 
plagioclase, amphibole, rare clinopyroxenes, biotite and 
sporadic corroded quartz as phenocrysts and accessory, 
apatite, zircon, and Cr-spinels in the groundmass. 
Amphibole and biotite are partially oxidized. A small 
andesite occurrence considered previously as 
a trachyandesite (Roşu et al. 2004) belongs to this variety 
(samples 395 and 776/ZM-04-CH-13 in Supplementary 
table S 2.2).

5.1.3 Dacites

Dacites occur in the Group 1-Z, Group 2-N at Roşia 
Montană and Bucium and in the Group 1.2-S and show 
mineralogical characteristics similar to the amphibole- 
biotite andesites. However, the dacites display more 
strongly porphyritic textures (with phenocryst loads of 
60–70 vol. %). They include plagioclase (sometimes 
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partially hydrothermally altered to phyllosilicates), 
quartz (with up to 2 cm length idiomorphic crystals at 
Roşia Montană volcano), amphibole, biotite, and rare 
clinopyroxene, as phenocrysts. Accessory minerals such 
as opaque minerals, apatite, and zircon occur in 
a microgranular or glassy groundmass. Rare garnet- 
bearing varieties can be found only in the Group 1-Z, 
where some of the rocks show a secondary hydrother-
mal alteration (propylitic) in the form of chlorite on 
amphibole or clinopyroxene.

5.2. Classi�cation

The Miocene eKusive/shallow intrusive rocks in the 
Apuseni Mts. range from basaltic-andesites to dacites 
(Figure 3; Roşu et al. 2004; Seghedi et al. 2007; Harris 
et al. 2013; data sources are given in Supplemental 
tables S1 and 1.1). The Roşia Montană rocks are andesite 
to dacite (Group 2-N, >12 Ma), garnet-bearing dacites 
(Group 1-Z) and the basaltic andesites and andesites in 
Group 1.1-C, published here for the Irst time 
(Supplemental online Table S2.1). The magmatic rocks 
were classiIed using classical diagrams of Na2O+K2 
O and K2O vs. SiO2 (Figure 3) (Peccerillo and Taylor 
1976; Le Bas et al. 1986). They correspond to calc- 
alkaline series and are dominantly andesites with lesser 
basaltic andesites and dacites. There are a few rocks 
from the Groups 1.2-S, 2-N (<12 Ma), and 3-S that are 
richer in alkalis, and fall in the high-K calc-alkaline 

classiIcation. The main trend follows the recognized 
average crustal composition from the lower crust (LC) 
to upper crust (UC) (Rudnick and Gao 2003).

There are few small volcanoes of Pleistocene age at 
the southern part of Apuseni Mts which cover a wider 
a?nity from Na-alkalic, K-alkalic to ultra-K alkaline (tra-
chybasalts, trachyandesite/trachydacite, and tephripho-
nolite), and are clearly distinct from the Miocene rocks 
(Figure 1 a). These rocks, with the exception of trachy-
basalts, are not included for comparative purposes in 
this review, as their composition and origin have been 
discussed elsewhere (e.g. Seghedi et al. 2008; Seghedi 
and Downes 2011).

6. Geochemistry

6.1 Major and trace element data

With the exception of CaO and Fe2O3 and roughly K2O, 
most of the Harker diagrams do not show good correla-
tions (Figure 4). Among them, most rocks in Groups 2-N, 
1.2-S and 3-S show higher alkali and P2O5 contents. 
There is an overall decrease of Fe2O3, CaO, and MgO, 
and to a lesser extent of TiO2 and P2O5, and a slight 
increase of K2O and an increasing variability of Na2 
O with increasing SiO2. The Al2O3 data are more scat-
tered, but there is a negative correlation for the Group 
2-N rocks. With the exception of MgO, Al2O3 and P2O5, 
the Miocene Apuseni Mts. rocks lie between average 

Figure 3. A) Total alkali vs. Silica (TAS) diagram (Le Bas et al. 1986) and b) K2O vs. SiO2 (Peccerillo and Taylor 1976) for Apuseni Mts. rocks 
and the symbols corresponding to the separate basins and age for the Group 2-N (green symbols); All the data are included in the 
Supplemental table S2.2; LC-Lower crust; MC- Middle crust; UC-Upper crust (after Rudnick and Gao 2003).
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estimates of upper, middle, and lower continental crust 
compositions (Rudnick and Gao 2003).

The trace-element trends diKer from the major ele-
ments in showing enhanced separation between rocks 
from the diKerent basins. Lanthanum, Ba, Sr (Figure 4b) 
and Pb (Supplemental online Igures S3.1) are variably 
enriched in rocks from Groups 1.2-S, 2-N (<12 Ma), and 
3-S. These rocks are also variably depleted in high-Ield- 
strength elements (HFSE) such as Nb. Zirconium in 
Figure 4b does not follow any particular trend. 
However, the Zr values for Groups 1.2-S, 2-N (<12 Ma), 
3-S, and also for the garnet-bearing dacites (Group 1-Z), 
are low compared to rocks with similar SiO2 from Groups 

1-Z and 1.1-C. As for the major elements, the trace- 
element range of the Group 1-Z rocks mostly plot 
between the lower and upper crustal average estimates 
of Rudnick and Gao (2003). Rubidium shows a similar 
trend for all the Miocene Apuseni Mts. rocks with 
increasing SiO2. Concentrations of Sc, V, and Co 
(Figure 4b; Supplemental Figure 3.1) generally decrease 
with increasing SiO2. Cr is highest for the Detunata 
basaltic andesites (Group 2-N; <12 Ma; >200 ppm) and 
is also relatively high for some Group 1.1-C andesites, 
Groups 1.2-S and 2-N rocks.

In the CI chondrite-normalized rare-earth element 
(REE) diagrams (Figure 5), rocks in Groups 1-Z, 1.1-C, 

Figure 4. A) Major and b) trace elements Harker-type variation diagrams for the Apuseni Mts. rocks. Symbols as in Figure 3; LC-Lower crust; 
MC- Middle crust and UC-Upper crust after Rudnick and Gao (2003); NMORB and EMORB after Sun and McDonough (1989)
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and 2-N > 12 Ma show similar patterns. They show 
moderate light rare earth element enrichment (LREE), 
and a �atter slope for the middle (MREE) and heavy 
rare earth element (HREE) patterns, similar to the pattern 
of the Lower-Middle crust ((La/Sm)N = 1.5–3.5; (Dy/Yb)N 
= 0.9–1.3, with higher values for garnet-bearing dacites: 
1.2–1.5). There is an overall slight or no Eu trough in the 
REE-patterns of the typical calc-alkaline rocks >12 Ma 
(Eu/Eu* = 0.8–1.0). The patterns for rocks in Groups 
1.2-S, 2-N (<12 Ma), and 3-S are richer in LREE and 
show similar �at and uniform MREE and HREE patterns, 
the highest for a few Group 1.2-S andesites and Group 
3-S rocks, much higher than the Lower Crust (most rocks 
show (La/Sm)N = 3–7 with higher values for Group 
3-S rocks = 5–9 and a few Group 1.2-S andesites = 6.2– 
7.2; high (Dy/Yb)N = 0.8–1.4 for Group 3-S rocks and 1.2– 
1.6 for a few Group 1.2-S andesites). There are no 
obvious Eu anomalies in these areas; they are sometimes 
slightly positive for rocks of Group 2-N < 12 Ma (Eu/ 
Eu* = 0.9–1.15).

The primitive mantle-normalized (Sun and 
McDonough 1989) multielement diagrams for the 
Miocene Apuseni Mts. magmatic rocks show similar pat-
terns to those of typical calc-alkaline arc volcanic rocks 
from subduction-related tectonic settings (e.g. GEOROC 
database; e.g. Andes), but are also not very diKerent 
from the lower continental crust (Figure 6). They are 
characterized by various enrichments in LILE, U, Th, and 
Pb, and to a lesser extent in LREE relative to the HREE 
and HFSE (La/Nb = 1–4). Marked troughs are evident for 
Nb, Ta, and Ti, and sometimes P and Zr. Overall, the rocks 
>12 Ma (Group 2-N and 1-Z rocks) display similar trace- 
element patterns. However, those rocks <12 Ma from 
Groups 1.2-S, 2-N, and 3-S show extreme enrichments 
in LILE, with less enrichment in Rb, Pb, U, and Th.

6.2 Isotopes

There is wide variation in Sr isotopic ratios, while Nd 
isotopic ratios are less variable (Figure 7a). The high-Sr 
/Y rocks from Groups 1.2-S, 2-N (<12 Ma), and 3-S have 
lower 87Sr/86Sr and higher 143Nd/144Nd ratios, on the 
mantle side of the Bulk Silicate Earth reservoir (Zindler 
and Hart 1986), compared to the typical calc-alkaline 
rocks of Groups 1-Z, 1.1-C, and 2-N (>12 Ma), which are 
much more scattered. Basaltic andesites <12 Ma from 
Groups 1-Z and 1.1-C also show lower 87Sr/86Sr and 
higher 143Nd/144Nd ratios (Figure 7a). The 206Pb/204Pb 
vs. Sr isotopic ratio plots show distinctions between 
the typical calc-alkaline and high-Sr/Y rocks with the 
aforementioned two exceptions (Figure 7b), with the 
typical calc-alkaline rocks trending to EMII. Typical calc- 
alkaline rocks show high 208Pb/204Pb (38.6–38.8) and 

207Pb/204Pb (15.65–15.67), moderate to high 87Sr/86Sr 
(0.7047–0.7085) and low (5.5‰) to high δ Owr (>7‰) 
values. On the other hand, the high Sr/Y rocks show low 
87Sr/86Sr (0.7040–0.7045), low 208Pb/204Pb (38.2–38.6) 
and 207Pb/204Pb (15.59–15.63) and low δ 18Owr (5.5– 
5.7‰) (Roşu et al. 2004; Seghedi et al. 2004; Harris 
et al. 2013).

The δ18O values of mineral separates and ground-
masses obtained for three typical calc-alkaline and four 
high-Sr/Y samples (Seghedi et al. 2007) are in the range 
5.5–5.6‰ for all clinopyroxenes and one amphibole 
and biotite; these are very close to mantle values 
(Figure 7c). The δ18O values of the plagioclase and 
groundmass are higher (7.2–10.1‰), but vary in diKer-
ent areas. The δ18O values of clinopyroxene and amphi-
bole from Groups 1.2-S and 2-N (<12 Ma and high-Sr/Y 
rocks) and Group 1-Z (typical calc-alkaline rocks) show 
values that are similar to those for primitive mantle 
clinopyroxene range (Figure 7c). One sample from 
Group 2-N (>12 Ma) shows a shift to higher 87Sr/86Sr 
ratio. There is a weak positive correlation between Sr- 
isotopic ratios and δ18O of minerals and groundmass 
during crystallization, consistent with increasing degree 
of diKerentiation, which is more pronounced for the 
typical calc-alkaline rocks. In two samples, the 87Sr/86Sr 
ratio of the groundmass is lower than that of the 
plagioclase.

The whole rock δ18O variations vs 87Sr/86Sr useful to 
identify and quantify distinction between source contam-
ination and crustal assimilation (Figure 7d; simpliIed after 
Seghedi et al. 2004 with new data) show that most of the 
Groups 1Z, 1.1-C, and 2 N < 12 Ma, with exception of 
a dacite of the Group 1-Z that has a higher δ18O and 
a slightly higher 87Sr/86Sr values (sample 401) are among 
the most primitive isotopically in all Carpathian – 
Pannonian Region, with exception of some minor rocks in 
the East Carpathians (Mason et al. 1996; Figure 7d). The 
high 87Sr/86Sr and δ18O of an andesite belonging to the 
Group 2-N > 12 Ma (alike as in Figure 7c; sample 790) show 
a trend towards source contamination. In contrast, the 
Western, Central, and Eastern Carpathian volcanic rocks, 
with exception of the South Harghita (SH), show diKerent 
trends that prove signiIcant crustal implication for those 
magmas (AFC processes), as well as the implication of 
source contamination (Seghedi et al. 2004).

7. Discussion

7.1 Magma di�erentiation processes

The eKects of diKerentiation processes such as assimila-
tion, fractionation, and magma mixing in the Apuseni 
Mts. were previously discussed in the context of the 
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much larger Carpathian-Pannonian region (Seghedi et al. 
2004). Some of these processes can be deduced from 
petrological evidence. Most Apuseni igneous rocks are 
phenocryst-rich (~55–70%), dominated by plagioclase, 
and show a decrease in modal abundances of clinopyr-
oxene and orthopyroxene towards the more evolved 
rocks, while amphibole, biotite (mostly in high-Sr/Y 
rocks), and plagioclase increase in abundance. MaIc 
minerals are mainly unzoned, whereas plagioclase 
mostly shows normal zoning. However, there are many 
examples of plagioclase and/or amphibole phenocrysts 
displaying disequilibrium features such as resorbed 

shapes, oxidation, or sieve textures, which suggest that 
the whole-rock geochemical composition was controlled 
by fractional crystallization ± assimilation (Figure 7a), but 
also by magma mixing. The rocks showing plagioclase 
resorption suggest disequilibrium. Such textures indi-
cate rapid changes in the thermo-chemical characteris-
tics of the magmatic system, driven by magma mixing 
(e.g. Bontău volcano and Caraci volcano where the last 
eruptions were basaltic andesite; Supplemental Igure 
S3.3). According to Harris et al. (2013), opacitic rims of 
amphibole phenocrysts in rocks from Deva-3 area show 
evidence for two episodes of mixing; the same authors 

Figure 4. Continued.
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also highlight the presence of enclave and magma min-
gling textures in the Barza magmatic centre (Group 1-Z). 
In Figure 7c, two samples have lower 87Sr/86Sr ratios in 
the groundmass than in the plagioclase, which may also 
signify mixing with new magma batches (e.g. Tepley 
et al. 2000).

Major-element variation diagrams of the examined 
rocks (Figure 4a) show poorly deIned trends from basal-
tic andesites to dacites. Al2O3 shows a very poor trend 
with increasing SiO2. With the exception of Rb, which is 
displaying a positive correlation (Figure 4b), trace ele-
ments also show very weak trends but strongly enriched 
values for La, Ba, Sr, Pb, and Th, especially for rocks 

<12 Ma in Groups 1.2-S, 2-N, and 3-S. These rocks were 
collectively deIned as high-Sr/Y rocks (e.g. Roşu et al. 
2004, Harris et al. 2013) and have been considered ‘ada-
kite-like’ (rocks which show similar geochemical charac-
teristics to adakites without petrogenetic implications).

REE enrichment of typical calc-alkaline and high-Sr/Y 
rocks of the region (Figures 4, 5 and 6) can be explained 
by diKerent degrees of fractionation (as most of the 
rocks formed from evolved magmas), but also by diKer-
ences in mantle sources, and by diKerent extents of 
interaction with crustal lithologies. For example, higher 
LREE and LILE contents are observed in some high-Sr/Y 
andesites in Group 1.2-S (Figures 5, 6). Some typical 

Figure 4. A) Major and b) trace elements Harker-type variation diagrams for the Apuseni Mts. rocks. Symbols as in Figure 3; LC-Lower crust; 
MC- Middle crust and UC-Upper crust after Rudnick and Gao (2003); NMORB and EMORB after Sun and McDonough (1989)
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andesitic and dacitic calc-alkaline rocks only show 
a small negative Eu anomaly, suggesting that plagio-
clase was not the main fractionating phase or that pla-
gioclase was accumulative (as suggested by the high 
abundance of phenocrysts).

Crustal assimilation is suggested by the increase of 
87Sr/86Sr and decrease in 143Nd/144Nd from basaltic 
andesites to dacites of Group 1-Z and >12 Ma rocks of 
Group 2-N (Figure 7a). The high-Sr/Y rocks, which are all 
<12 Ma, have lower 87Sr/86Sr and higher 143Nd/144Nd 
ratios, closer to mantle compositions and were less 
aKected by crustal assimilation and fractionation 

(Figure 7d; Seghedi et al. 2004). However, the general 
increase of δ18O with respect of mantle values of plagi-
oclase phenocrysts and groundmass, despite showing 
a narrow range of 87Sr/86Sr values, suggests that the 
magmas <12 Ma (both high-Sr/Y and typical calc- 
alkaline) experienced crustal assimilation, although 
much less for the high Sr/Y rocks than for the typical 
calc-alkaline rocks (Group 1-Z), or those >12 Ma from 
Group 2-N (Figure 7c). On the other hand, the δ18O and 
87Sr/86Sr ratios of early crystallized minerals (clinopyrox-
enes or amphiboles) in equilibrium with the melt in 
volcanic rocks <12 Ma are closer to mantle isotopic 

Figure 4. Continued.
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compositions (Figure 7 c). This suggests that they were 
generated in a deeper magma chamber and later 
trapped in a more evolved magma chamber (Seghedi 
et al. 2007). Moreover, the early crystallized minerals 
(clinopyroxenes or amphiboles) (Figure 7c) fall in the 
same Ield of δ18O and 87Sr/86Sr ratios as primitive ocea-
nic arc lavas that represent mantle composition range 
(e.g. Eiler et al. 2000).

Negative Nb and Ta anomalies in primitive mantle- 
normalized diagrams (Figure 6) could be either the result 
of a mantle source aKected by subduction-related compo-
nents, as interpreted by Roşu et al. (2004) and Harris et al. 
(2013), or lower crustal melting (with similar Nb and Ta 
troughs) or mixing of melts from these two sources. 
However, since primitive rocks are absent, a bulk mixing 
model using whole-rock δ18O vs. 87Sr/86Sr data, between 
a magma derived from a depleted mantle source and 

average local sediments, already suggested for all the 
rocks <12 Ma, implies that a mantle source aKected by 
subduction components is less signiIcant (Figure 7d; 
Seghedi et al. 2004). An exception is the typical calc- 
alkaline rocks of Group 2-N > 12 Ma; these rocks display 
a shift to higher 87Sr/86Sr and δ18O ratios that may suggest 
either that their source was mantle aKected by subduction- 
components or the source was continental lower crust 
(Figure 7c, d).

The ‘adakite-like’ rocks (Roşu et al. 2004; Harris et al. 
2013), here our ‘high-Sr/Y group’ are not always source- 
dependent. Crustal assimilation and crystal fractionation 
involving amphibole and clinopyroxene for some adakite- 
like rocks are not necessarily connected to source pro-
cesses (e.g. Richards and Kerrich 2007). Amphibole and 
clinopyroxene fractionation are suggested by the Dy/Dy* 
(0.4–0.8) versus Dy/Yb (1.2–2.2) (Davidson et al. 2013; 

Figure 5. CI Chondrite-normalized REE diagrams for the Miocene igneous rocks from the Apuseni Mts. Symbols showing in Group 
2-N (~10.7–7.5 Ma). LC-Lower crust and UC-Upper crust after .Rudnick and Gao (2003) is shown as shadow. The normalizing values are 
from Sun and McDonough (1989)
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Supplemental online Igure S3.2) for all the Apuseni rocks, 
and particularly for the high Sr/Y samples by showing 
slightly lower Dy/Dy* (0.4–0.6) with respect to Dy/Yb for 
high-Sr/Y rocks.

7.2 Time-related spatial geochemical variation

In Figure 8, which shows Sr/Y ratios as a function of ages 
(Ma), the main Group 1-Z magmas evolved over the 
longest period of activity (~4 Myrs) and display low Sr/ 
Y ratios and typical calc-alkaline compositions. With the 
exception of Group 1.1-C, in which the magmas have 
normal calc-alkaline compositions, magmatism in all the 
other, smaller basins evolved over much shorter time 
periods, <1-1.5 Myrs, for Group 2-N with variably high 
Sr/Y ratios, and Group 1.1-C. Magmas erupted in each 
sub-basin show a large variation in Sr/Y (>50) as well as 

Ba with the highest Sr/Y mostly in smaller rock volumes 
(e.g. dykes or small intrusions; Roşu et al. 2004). The K/Ar 
age data indicate that the tectonic sub-basin develop-
ment started with the Group 3-S, after 12 Ma followed by 
Groups 1.2-S and 2-N, through contamination processes 
that developed mainly in the Jurassic ophiolite units 
(Figure 1b; Nicolae and Saccani 2003; Bortolotti et al. 
2002; Gallhofer 2015).

The episodic, low-volume magmatism in Group 
2-N covered the entire time interval of magma evolution 
in the Apuseni Mts. (14.5–7 Ma). In addition, the young-
est products in Group 2-N, the Detunata basaltic ande-
sites (7.2–8 Ma), are the least evolved in the region. 
These are diKerent from the other basaltic andesites 
from the area (which have 14–22 ppm Ni and 24–36 
ppm Cr), in having the highest Ni (26–54 ppm) and Cr 
(224–275 ppm) and higher La/Yb (10–14), similar to the 
local Pleistocene Na-alkali basalts (14–17) (Downes et al. 

Figure 6. Primitive mantle-normalized multielement diagrams for the Miocene igneous rocks from the Apuseni Mts. (symbols as 
inFigures 3 and 5). LC is lower crust after Rudnick and Gao (2003). The normalizing values are from Sun and McDonough (1989)
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1995; Tschegg et al. 2010). One tentative hypothesis to 
be investigated in the future is that the Group 
2-N magmas responded to sudden short-term tectonic 
changes. At a regional scale, the main period of mag-
matic evolution dominated by rocks with high Sr/Y ratio 
was coeval (~12–10 Ma) with shortening in the East 
Carpathians (Maţenco and Bertotti 2000), but also with 
the extension in the main Pannonian Basin (Maţenco 
et al. 2010; Merten et al. 2011; Balázs et al. 2017; Van 
Hinsbergen et al. 2020).

The ~12–10 Ma garnet-bearing dacites in Group 
1-Z suggest that the regional stress Ield was extensional 
during this time, because garnet is not stable at shallow 
depths and its preservation therefore requires rapid 
ascent of the host magma to the surface (e.g. Harangi. 
et al. 2001; Harangi. and Lenkey 2007; Bach et al. 2012). 
Similar rocks have been described by Harangi. et al. 
(2001) elsewhere in the Carpathian region and suggest 
partial melting of a garnet-bearing (eclogitic) lower 
crust. The low Hf/Sm ratios coupled with Zr/HREE and 
Hf/HREE fractionation in garnet-bearing dacite point to 
the involvement of eclogitic rocks in the source (Van 
Westrenen et al. 2001).

7.3 Continental crust and/or subcontinental mantle 

contribution for the source of the Apuseni Mts. 

Miocene magmas

7.3.1 Depleted vs. enriched mantle components

We use ratio as Zr/Nb and Y/Nb to distinguish between 
depleted mantle (MORB-source) versus an enriched 
intraplate component (OIB-source) in the Apuseni Mts. 
magmas (e.g. Jicha et al. 2009; Figure 9).

There is a large range in Zr/Nb ratios (6.2–37.8) that 
generally vary along a line with decreasing Y/Nb from 
basaltic andesites of Group 1-Z to the basaltic andesites 
of Group 2-N (Detunata) (Figure 9). A shift of higher Zr/ 
Nb is characteristic for the Group 1.1-C (Caraci). This 
array may represent either mixing between magmas 
derived from enriched source similar with that of the 
intraplate basalts and more depleted mantle sources or 
it may represent a variation of partial melting of a similar 
dominantly enriched source. The group 3-S merely cov-
ers the local sediments; the Roşia Montană andesite- 
dacite has similar values with average Lower continental 
crust and the garnet-bearing dacites show the lowest Zr/ 
Nb ratio.

Figure 7. A. 87Sr/86Sr vs. 143Nd/144Nd ratios b. 206Pb/204Pb vs. 87Sr/86Sr vs.; c. δ18O mineral vs. 87Sr/86Sr mineral diagrams for the Miocene 
Apuseni Mts. rocks after (Seghedi et al. 2007); d. δ18O whole rock vs. 87Sr/86Sr whole rock for the Carpathian-Pannonian region after 
(Seghedi et al. 2004); abbreviations: C-clinopyroxene; A-amphibole; B-biotite; P-plagioclase; G-groundmass and the lines link data from the 
same sample; Sed-average local sediments; W.Car- Western Carpathians rocks; C.Car- Central Carpathians rocks,; CGNH- Călimani-Gurghiu 
-North Harghita rocks; SH – South Harghita rocks; Mantle δ18O and 87Sr/86Sr minerals according to Eiler et al. (2000;. DMM, MORB, PREMA, 
HIMU, BSE, EMI, EMII after Zindler and Hart (1986). Symbols as in Figures 3 and 5. Modelling of assimilation fractional crystallization (AFC) 
and bulk mixing models with average local sediments (Sed) – for Carpathian – Pannonian volcanic rocks in fig d are using parameters 
given in the Figure 8 of (Seghedi et al. 2004).
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Figure 8. Sr/Y vs. age (Ma) for the Miocene magmatic rocks from the South Apuseni Mts. The shaded area shows the maximum time 
boundary between typical calc-alkaline and high Sr/Y calc-alkaline rocks according to K/Ar dating (new and literature data). Symbols as in 
Figure 3.

Figure 9. Zr/Nb vs. Y/Nb for the Apuseni Mts magmatic rocks. Local sediments are shown after .Mason et al. (1996). LC-Lower crust; MC- 
Middle crust and UC-Upper crust after Rudnick and Gao (2003); NMORB and EMORB after Sun and McDonough (1989)
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7.3.2 Melt generation depth challenge

According to global compilations, the geochemistry of 
arc and continental magmatism is sensitive to Moho 
depth (e.g. Chapman et al. 2015; Profeta et al. 2015; Hu 
et al. 2017). These articles all use Sr/Y as a common 
qualitative indicator of the average crustal depth at 
which level magmatic diKerentiation occurred. The 
results suggest that rocks with higher Sr/Y ratio signify 
a greater pressure or depth (e.g. Chapman et al. 2015). As 
we have discussed already for the Apuseni Mts. the rocks 
from various graben systems show a high and variable 
Sr/Y ratio, speciIcally after 12 Ma (Figure 8). We may 
deduce that variable Sr/Y ratio could be connected with 
diKerent crustal thicknesses where the magmas were 
produced at the base of the crust. Although our compi-
lation of data for Apuseni Mts. is not su?ciently repre-
sentative to apply empirical formulas for crustal 
thickness for individual Groups (e.g. Profeta et al. 2015; 
Hu et al. 2017).

As Sr content shows a very large variation in the 
Apuseni Mts., and assuming that Sr is an indicator of 
depth it looks like a primary feature that may character-
ize the source region of the magmas (e.g. higher Sr in 
rocks indicate magmas extracted at pressures >12 kbar 
and enters in the liquid phase where it is incompatible 
and where plagioclase is unstable; Petford and Atherton 
1996), we discuss plots of Sr vs. Age and vs. SiO2 

(Figure 10 a, b). Concentrations of Sr (also Y, La, Yb, Nb, 

and Ta) in the melt may also re�ect the enrichment of 
this element in the source (e.g. Kendrick and Yakymchuk 
2020).

We also discuss plots of Rb/Sr ratio vs. age and vs. 
SiO2 (Figure 10 c, d) since Sr and Rb contents generally 
increase with diKerentiation until the onset of signiIcant 
plagioclase feldspar fractionation when Sr decreases 
(e.g. Davidson 1998). Since Rb does not decrease during 
diKerentiation, increased Rb/Sr is an indicator of fractio-
nated magmas. In this situation, even if we cannot deli-
ver real estimates for crustal thickness, we can 
appreciate the relative variances between the diKerent 
groups.

In Figure 10, a, b, the Group 2-N rocks (>12 Ma) have 
lower Sr contents (~200 ppm), whereas samples of 
Groups 1-Z and 1.1-C are slightly higher (300–400 
ppm), and most rocks of Groups 1.2-S and 
2-N (<12 Ma) have much higher (~600 ppm) and similar 
Sr contents, regardless of SiO2 variation. The highest Sr 
content (starting at 1250 ppm up to 2000 ppm) belongs 
to Group 3-S rocks. This suggests that, since there is 
a characteristic Sr content for the mentioned groups, 
there was an increase in crustal thickness for melt gen-
eration of Group 2-N (>12 Ma) up to Group 3-S rocks. 
This correlates with the tectonic situation that suggests 
a thinner crust below the main Zărand graben basin (28– 
32 km) and a progressively thicker crust towards the 
Săcărâmb, Roşia Montana – Baia de Arieş areas (32– 

Figure 10. A, b, c, d. Sr and Rb/Sr ratio vs. Age (Ma) and SiO2 for the Miocene magmatic rocks in Apuseni Mts., including Pleistocene 
trachybasalts. LC-Lower crust; MC-Middle crust; UC-Upper crust after .Rudnick and Gao (2003); NMORB (black star) after Sun and 
McDonough (1989). Symbols as in the figures 3 and 9
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35 km) and the thickest for the Deva area (~35 km) (Bala 
et al. 2017). The anomalous high-Sr trends of Group 
2-N (<12 Ma) and Group 3-S (with smallest volume of 
extruded rocks) need a diKerent explanation that may 
infer crustal contamination and/or larger volume of crus-
tal melts (see further discussion).

Figure 10 a, b shows that most important fractiona-
tion trend (from basaltic andesites to dacites) is found in 
Group 1-Z, in the main area of magmatism. The high-Sr 
Groups suggest only short diKerentiation trends (FC/ 
AFC) over diKerent time intervals. The most primitive 
and youngest Detunata basaltic andesite has Sr content 
in the same range with Group 2-N (<12 Ma), but also 
similar to Pleistocene alkali basalts suggesting a similar 
source. As Sr content decreased in diKerentiated mag-
mas, dacites from all groups mostly do not plot on the 
trend of the evolved andesites, as Sr was fractionated in 
plagioclase. The high Rb/Sr of the Group 2-N (>12 Ma) 
dacites (Figure 10 c, d) may suggest crustal involvement 
(either as mixing between mantle and crustal sources or 
as crustal contamination). The variation of SiO2 for the 
same Rb/Sr ratio suggests magma mixing, as perceived 
in petrography (e.g. Groups 1-Z; Figure 10 d). Also in 
Figure 10, we suggest the possible sources for Apuseni 
Mts rocks as various enriched mantle and/or lower crust 
(see further discussion).

Group 3-S (Deva area) has the most unusual beha-
viour, showing the highest Sr that decreases with 
increasing SiO2 (possibly related to plagioclase fractiona-
tion of the melts), as well lowest Ta values similar with 
Lower crust values (Supplemental Igures S3.1). Also 
Group 3-S has the lowest Rb/Sr for all the rocks showing 
a low range of Rb content with increasing SiO2 (from 20 
to 40 ppm) as compared with all the other groups that 
have 70–80 ppm Rb for the evolved rocks. This unusual 
composition may rather suggest a lower crustal origin 
via partial melting of amphibole-rich lower crust (e.g. 
Davidson et al. 2007) rather than mantle melting.

Zr and Hf that are considered to behave nearly iden-
tically during magmatic processes (e.g. Hoskin and 
Schaltegger 2003) show similar values for the basaltic 
andesites in the Apuseni Mts. ranging close to NMORB- 
EMORB and lower continental crust (LC) compositions 
(Zr/Hf ~36.3). All the andesites and dacites have Zr/ 
Hf = 30–42, with the exception of the garnet-bearing 
dacites, which show the lowest Zr/Hf (22–25).

7.3.3 The lesson of large ion lithophile elements 

(LILE)

In Figure 11, it is di?cult to explain the elevated con-
centrations of large ion lithophile elements (LILE), such 
as Ba and Sr in some Apuseni Mts. rocks. In the 87Sr/86Sr 
vs. Sr diagram (Figure 11a), AFC processes are suggested 

for Groups 1-Z, 1.1-C, and 2-N (>12 Ma), and fractional 
crystallization for Groups 2-N (<12 Ma) and 1.2-S. The 
increased Sr in a few rocks in these groups may suggest 
local crustal contamination rather than source contam-
ination. Group 3-S rocks may be interpreted via a partial 
melting scenario of a high-Sr amphibole-rich lower crust, 
as well as a composite source of mantle and lower crust 
melts (see further discussion).

The high Ba/Nb ratio of the high-Sr/Y rocks may not be 
associated with conventional ‘slab-derived �uid’ (high Ba/ 
Nb of samples from Groups 1.2-S and 2-N; Figure 11 b) or 
high La/Zr ratio with conventional ‘sediment-derived 
melt’ (high La/Zr of few Group 1.1-C rocks and all samples 
of Group 3-S = 0.45–0.9) signatures (e.g. Hawkesworth 
et al. 1993) of the local mantle. Rather, they point to 
magma fractional crystallization in a ‘hydrous’ (i.e. domi-
nant amphibole ± biotite lithologies) crustal environment 
that caused contamination with high LILE, LREE, and Th. In 
addition, according to Seghedi et al. (2004), Seghedi et al. 
(2007)), the correlated variations of Sr and O isotopes with 
increasing SiO2 indicate that most of the Apuseni Mts. 
magmas were formed via minor crustal contamination 
combined with fractional crystallization (Figure 7). This 
may suggest that the Sr, Nd, and O isotopic composition 
of the contaminant for the high-Sr/Y magmas was closer 
to that of the mantle source, but the composition was 
very rich in LILE. This LILE-enrichment may be explained 
by the fact that most of the samples from the Miocene 
sub-basins that show high LILE values are <12 Ma and lie 
within the largest Middle Jurassic ophiolitic accretionary 
sequence of the Carpathians (e.g. Bortolotti et al. 2002) 
and less in adjacent Mesozoic accretionary metamorphic 
terranes (Figure 1b), displaying an isotopic composition of 
MORB-source mantle (Gallhofer et al. 2017). Assimilation 
of maIc ophiolite crust would have a minimal eKect on 
the isotopic composition of Sr, Nd, and Pb, making di?-
cult to detect this component in a contamination sce-
nario. A LILE-rich contaminant associated with ophiolite 
rocks is di?cult to recognize, but their association with 
silica-poor limestones/dolomitic layers and possible skarn 
formations provides a viable explanation for the variably 
strong Sr anomaly in the high-Sr/Y groups (e.g. Wenzel 
et al. 2001). Also, this may explain the large compositional 
contrasts between neighbouring volcanoes and closely 
associated basins, and their similar time of emplacement 
(e.g. Group 2-N in Figure 2). Plots of SiO2 vs. LILE and HFSE 
(Figure 4b) rather re�ect local variability of the crustal 
contribution and less of the metasomatized mantle (e.g. 
Hildreth and Moorbath 1988).

In contrast, rocks from the same time period as the 
high-Sr/Y rocks (<12 Ma) that developed as Groups 
1.1-C and 1-Z exhibit typical calc-alkaline evolution 
(AFC and/or mixing). Even though they have been 

1902 I. SEGHEDI ET AL.



generated in a basement dominated by the same ophio-
litic sequences, they do not show similar contamination 
as the high-Sr/Y rocks (Figure 1b). This may suggest that 
a high-Sr contaminant is missing in the typical calc- 
alkaline rock of Groups 1.1-C and 1-Z and is not 
a matter of source contamination in the high-Sr/Y 
rocks. The highest Ba/Nb belongs to the Group 3-S, 
re�ecting again a source dominated by lower crustal 
components, probably via partial melting processes.

In order to assess the validity of the potential sources: 
DMM (depleted mantle), EM (enriched mantle), and LC 
partial melts in the Apuseni Mts. (same as in Mason et al. 
1996), we applied assimilation–fractional crystallization 
(AFC) modelling (DePaolo 1981) using diKerent crustal 
end-members as contaminants (Figure 12). Using Nb/Y 
vs. Th/Y modelling (Figure 12a), all the Apuseni rocks, 
with the exception of those showing an increase in Th 
(Group 3-S) or deviation to high Nb/Y (Group 
2-N < 12 Ma), can largely be explained by AFC of mag-
mas involving all these sources (DMM, EM, or LC partial 
melts) via assimilation of average local upper crustal 
compositions (Mason et al. 1996).

The diagram of Nb/Y vs. Th/Y is an example of 
a modelled interaction between magma and crust, in 
which two magmas, one of depleted composition 
(derived from DMM) and one of enriched composition 
(derived from EM), show a shift above the MORB-OIB 
array by interacting with average LC local crust (Mason 
et al. 1996) using an arbitrary value of r = 0.35 (rate of 
assimilation vs. rate of crystallization). The relative mass 
of magma remaining during fusion (F) suggests 
a decreasing fusion rate starting from the typical to 
high Sr/Y calc-alkaline magmas in Apuseni Mts. The 
modelled lower crustal melting may apply only to the 
high Sr/Y magmas. This Igure also may suggest the 

probability of a mixed mantle–crustal provenance 
(MASH zone model; Pearce 2008), with primitive mantle 
magma causing crustal fusion at the base of the crust 
and releasing an evolved magma; however, the real local 
lower crust composition is not known, just estimated 
from trace element diagrams and required by the 
modelling.

However, Ba/Rb vs. Rb, 87Sr/86Sr vs. Sr and 
143Nd/144Nd vs. Rb AFC curves are better explained by 
two-stage processes, the Irst involving assimilation of 
average crustal compositions, and the second the assim-
ilation of a high-Sr/Y andesite, assuming that its compo-
sition is analogous to the contaminants (Figure 12 b, c), 
or in the case of Figure 12 d, by variation of ‘r’ (assimila-
tion rate/crystallization rate) using the local average 
upper crust as contaminant and suggesting an increased 
assimilation rate for Groups 1-Z and 1.1-C. As already 
proposed, this represents a time-dependent develop-
ment of the magmas, which in case of Group 
2-N > 12 Ma may suggest either lower crustal source or 
assimilation and fractional crystallization (AFC) of normal 
upper crust, and after ~12 Ma, an enriched upper mantle 
source for a magma aKected less by fractional crystal-
lization but by contamination by a LILE-enriched crust 
with low isotopic Sr and higher Nd and speciIc devel-
opments at a local scale.

7.4 Geodynamic scenario

Extension-related magma emplacement during the 
Miocene has been documented in earlier studies (e.g. 
Roşu et al. 2004; Neubauer et al. 2005), which suggested 
that block rotation and asthenospheric upwelling trig-
gered partial melting of the mantle beneath the Apuseni 

Figure 11. A, b, 87Sr/86Sr vs. Sr (ppm) and Ba/Nb diagrams for the Miocene magmatic rocks in Apuseni Mts., including Pleistocene 
trachybasalts. LC-Lower crust after .Rudnick and Gao (2003); NMORB (black star) and EMORB (white star) after Sun and McDonough 
(1989). Symbols and data sources as in Figures 3, 5 and 9
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Mts. This scenario assumes an important role for crustal 
break-up during extreme block rotations (~70°) starting 
at ~14 Ma (Roşu et al. 2004), closely related to extension 

in the Zărand-Békes basin system (Tari et al. 1999; 
Csontos and Vörös 2004; Balázs et al. 2016). The exten-
sion and simultaneous convective asthenospheric 

Figure 12. A) Nb/Y vs. Th/Y, b) Ba/Rb vs. Rb (ppm), c) 87Sr/86Sr vs. Sr (ppm) and d) 143Nd/144Nd vs. Rb (ppm) diagrams showing results of 
AFC (assimilation-fractional crystallization) models for the Apuseni Mts. rocks, calculated using Igpet software (.Carr 2010) and (DePaolo 
1981) modelling. Upper crustal assimilants include local average upper crust (LUC) after Mason et al. (1998) for typical calc-alkaline rocks 
and andesites from the Group 3-S (sample 6920), and Group 1.2-S (sample 776) as contaminant for the high-Sr/Y calc-alkaline rocks 
(Figure 12 b, c). AFC curves are for various combinations of depleted mantle melts (DMM-black lines) and enriched mantle melts (EM-black 
green lines) and lower crustal melts (LC-red lines). Bulk distribution coefficients (Sr-0.4; Rb-0.04; Ba-0.3; Zr-0.4; Rollinson 1993). Tick marks 
on curves indicate relative mass of magma remaining (f) in increments of 0.1 to a maximum of 95%; r = 0.5 for assimilation curves in 
figures a, b and c. For Figure 12 d, various r (assimilation rate/crystallization rate) values were considered by using local average upper 
crust (LUC; Mason et al. 1996) suggesting lower assimilation rate for magmas <12 Ma. All mentioned compositions are given in 
Supplemental online table S2.2. Symbols as in Figures 3, 5 and 9

Figure 13. Geodynamic interpretation of magma genesis and evolution in the Apuseni Mts. on a 140 km S-N profile between Deva and 
Moigrad (the profile line is shown in Figure 1b). The discussed basin/sub-basins are shown, while the labels (1, 2, 3) represent the three 
evolutionary stages discussed in the text. STF-South Transylvania fault system, UC-upper crust, LC-lower crust.
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upwelling may suggest increased heating and further 
melting of an upper lithospheric mantle/crustal source 
and the development of an underplating magma cham-
ber (MASH zone model; Figure 13); however, this 
hypothesis requires further evidence.

The new model adopted here assumes that the pri-
mitive magmas formed either by partial melting of asth-
enospheric mantle, or were generated via partial melting 
of a hydrous lithospheric mantle (via increased heating), 
or mixing of melts of these sources. This magma system 
stalled in an underplated magma chamber (MASH zone) 
(Figure 13). The mantle-derived magma and increased 
heating allowed lower crustal partial melting and various 
extents of mixing with mantle melts. This also was caus-
ing weakening of the crust which in turn aKected 
magma ascent and emplacement (Figure 13). We have 
divided the magmatic evolution into three stages as 
follows:

(1) In the initial stage (>12 Ma) following initiation of 
rifting, magmas were emplaced within the main Zărand- 
Brad-Zlatna graben and some minor in the Roşia 
Montana – Baia de Arieş sub-basin, giving rise to elon-
gated NNE-SSW oriented intrusions, related to rotation- 
induced transtensional extension (e.g. Neubauer et al. 
2005; Figure 14). In the largest, western part of the 
Zărand rift basin, the large long-lived composite 
Bontău volcano (14–10 Ma) was initiated (Figures 1b, 
14). As the fault system narrowed towards the east, 
smaller individual volcanic centres associated with intru-
sive bodies or multiple-vent volcano-intrusive com-
plexes developed. Such small scattered volcanic 
centres are also found in Group 2-N. The few remote 
small intrusions at Moigrad (Figures 1a, 13; North 
Apuseni Mts.) are di?cult to ascribe to the underplated 
magma chamber below the Zărand basin (ca. 90 km 
distance). The speciIc geochemical characteristics 
(Figure 4 a, b), its time emplacement (~12.4 Ma), and 
its position between the typical and high Sr/Y rocks may 
suggest a local asthenospheric disturbance at the end of 
the regional clockwise rotation movements (Figure 13). 
Partial melting of an asthenosphere source followed by 
fractionation and assimilation in the upper crust can be 
suggested.

(2) The second stage (<12 Ma) suggests a change of 
the tectonic system to a NW-SE compressional/trans-
pressional one (Neubauer et al. 2005), related to the 
end of rotation and collision initiation in the East 
Carpathians (e.g. Maţenco and Bertotti 2000). This led 
to formation of the wedge-like sub-basins of Caraci 
(Group 1.1-C) and Săcărâmb (Group 1.2-S) at the south-
ern part of the Zărand-Brad-Zlatna basin (Group 1-Z) 
(Figure 14) and the generation/rejuvenation of the smal-
ler sub-basins to the north and south of the Săcărâmb 

(Group 1.2-S), i.e. the sub-basins at Roşia Montană–Baia 
de Arieş–Bucium (Group 2-N) and Deva (Group 3-S).

(3) The end of the magmatic activity (~8–7 Ma) was 
limited to the Roşia Montană–Baia de Arieş–Bucium sub- 
basin, with eruption of the Detunata basaltic andesites 
(Group 2-N).

8. Conclusions

The review of published and new data presented in this 
study suggests a lower crustal origin followed by AFC in 
the upper crust for the Roşia Montana andesite and 
dacites (Group 2-N > 12 Ma), an eclogitic origin for the 
garnet-bearing dacites that show low Zr/Hf and the 
highest Nb/Zr (Group 1-Z), and an upper mantle-lower 
crustal origin for the Group 1.1-C rocks along with frac-
tional crystallization ± assimilation and mixing.

Petrographic, geochemical, and isotopic data indicate 
continuous open-system evolution between 14.5 and 
7 Ma of a parental mantle- and/or crustal-derived 
magma in the deeper parts of the crust (DePaolo 1981; 
‘MASH zone’ of Hildreth and Moorbath 1988) that experi-
enced fractional crystallization and magma mixing pro-
cesses, as well as assimilation of the upper crust. The 
high-Sr/Y rocks in the Apuseni Mts., which were pre-
viously considered to re�ect an adakite-like magma 
derived from a mantle source that was metasomatized 
during an earlier subduction event (Roşu et al. 2004; 
Harris et al. 2013), seems to be associated with both 
source contamination (upper mantle/lower crust) and 
diKerentiation and contamination of mantle/lower crust- 
derived calc-alkaline melts in the upper crust. The 
experiments of Qian and Herman (2013) that produced 
adakite-like rocks from hydrated maIc lower crust at 
800–950°C and 10–12.5 kbar support the possibility of 
generation of high Sr/Y magma at ~35 km depth.

The proposed Miocene evolution in the Apuseni Mts. 
can be summarized as follows:

1. Between 14.6 and ~12 Ma, normal calc-alkaline 
magmas were generated in the Zărand-Brad-Zlatna 
basin (Group 1-Z samples), the Roşia Montană-Baia de 
Arieş-Bucium sub-basin (Group 2-N rocks) and, indepen-
dently at Moigrad via lower crustal/uppermost mantle 
melting, at the initiation of an underplated magma 
chamber formed through extension via block rotation. 
Its origin may have been related either to astheno-
spheric partial melting or to melting of the upper litho-
spheric mantle via heat from mantle asthenospheric 
upwelling, or even mixing of such melts. Lower crustal 
partial melting and mixing with mantle melts occurred. 
We assume that fractional crystallization started at 
depths near the base of the crust that contain a certain 
amount of Sr (an incompatible element that entered the 
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liquid phase; Figure 10). Since all the rocks of the Groups 
1-Z and 2-N ranging from basaltic andesites to andesites 
show constant Sr content (260–340 ppm and 200–250 
ppm, respectively) the lowest in the Apuseni region, this 
may represent the highest MOHO depth according to 
the crustal thickness beneath the main graben system 
(<30 km at the present time). The lowest Sr content of 
the Group 2-N could also be connected to the local 
lower crust source (Figure 7c, d). Further diKerentiation 
and assimilation occurred in upper crustal magma cham-
bers forming magmas up to dacite compositions.

2. After ~12 Ma, typical calc-alkaline magmas contin-
ued to erupt in the western part of Zărand-Brad-Zlatna 
basin (Group 1-Z Bontău volcano) and began in the 
Caraci sub-basin (Group 1.1-C rocks). These show 
a dominant mantle origin and a similar Sr content as 
before ~12 Ma (300–400 ppm). The key magmatism 
generated high-Sr/Y magmas in all the other small sub- 
basins (Roşia Montană – Baia de Arieş area and Deva 
basins producing magmas in Groups 2-N, 1.2-S, and 3-S) 

via amphibole/clinopyroxene fractionation ± contamina-
tion in crustal magma chambers rich in volatiles, show-
ing a complex mixing between mantle and crustal 
sources. Higher Sr content characterizes Groups 2-N, 
1.2-S (~600 ppm, as dominant) and is highest in the 
Group 3-S (~1250 ppm, as lowest) that infers a deeper 
diKerentiation at the base of lower crust (Figure 10a, b) 
in accordance with suggested geophysical models (32– 
35 km). The anomalous high-Sr of the Group 3-S may 
even suggest generation at a deeper MOHO (~35 km) 
which may imply a larger volume of crustal melts 
(amphibolite lithologies) in their source. Further speciIc 
contamination of small volume andesite lithologies 
(high Sr, Ba) of Groups 2-N, 1.2-S occurred in upper 
crustal magma chambers.

3. Small-volume basaltic andesites (Group 2-N) at ~7– 
8 Ma in the Roşia Montană – Baia de Arieş sub-basin, which 
record the last of the Miocene magmatism, may suggest 
a more primitive mantle-derived magma in the trend of 
high-Sr/Y calc-alkaline magmas. Their Sr content (~600 

Figure 14. Simplified map-view showing extension model for the Zărand-Brad-Zlatna- (Group 1-Z) basin, suggesting geodynamic control 
in an intra-continental oblique rift setting as a result of block rotational extension in the first phase (pre 12 Ma), followed by a NW-SE 
compressional/transpressional system at post 12 Ma with generation of the wedge-shaped Caraci (Group 1.1-C) and Săcărâmb (Group 
1.2-S) sub-basins; Red circles represent volcanic edifices (modified after Neubauer et al. 2005).
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ppm) is in the range of Groups 2-N, 1.2-S suggesting 
a similar depth generation (32–35 km) if the MOHO depth 
has not changed greatly since Miocene times.

Highlights:

-This review includes all the petrographic types of the Miocene 
magmatic rocks in the Apuseni Mts;

Additionally, the local Pleistocene alkali-basalts are shown in 
the diagram for comparison;

-A time-dependent compositional shift indicates 
Assimilation-Fractional-Crystallization (AFC) processes in two 
tectonic stages;

-The Miocene extensional model, during collision/post- 
collision in the East Carpathians, explains the

magma generation processes in a regional context.
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