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Abstract: Extension-related magmatism with arc-like features was active in the South Apuseni Mountains, Romania during
the Neogene and Quaternary. The current chronological framework is primarily restricted to K–Ar dates. We present here new
laser ablation inductively coupled plasma mass spectrometry U–Pb zircon age data for 20 subvolcanic and volcanic rocks from
eight different Cenozoic volcanic–intrusive complexes and from Jurassic and Cretaceous lava flows. Our results support
magmatic ages between c. 14 and c. 7 Ma, with Uroi, an alkaline intrusion, occurring significantly later at c. 1.5 Ma. Revising
the timeline for the South Apuseni Mountains palaeomagnetic rotations shows that most of the clockwise vertical-axis rotation
of these mountains (54.4° ± 10.7°) took place between c. 14 and 11 Ma, the age interval when the majority of the magmas were
emplaced. Xenocrystic zircon dates show differences in the age populations between individual volcanic–intrusive complexes.
A Permo-Triassic population is almost ubiquitous, indicating that basement Permo-Triassic igneous rocks are more widespread
than previously thought, or that they were significantly involved in the generation of Neogene magmas. However, other
observed age populations, such as Triassic or Paleogene, have no clear correspondence in the known geological record,
indicating the presence of a cryptic component interacting with Neogene magmas.

Supplementary material: Full analytical details and age calculations for the U–Pb age data collected during this study, rock
samples and separated zircon fraction descriptions and the palaeomagnetic and age databases are available at https://doi.org/10.
6084/m9.figshare.c.6951429
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Extension-related calc-alkaline and alkaline magmatism was active
in the Carpathian–Pannonian domain from the Miocene until 30 ka
(e.g. Pécskay et al. 1995, 2006; Fedele et al. 2016; Karátson et al.
2016; Molnár et al. 2018; Ducea et al. 2020) and was generated by
the subduction and retreat of a slab, possibly associated with the
closure of the Alpine Tethys Ocean (Seghedi and Downes 2011;
Ismail-Zadeh et al. 2012; Ducea et al. 2020). The roll-back process
resulted in extensional settings and in the rotation and translation of
part of the Dacia crustal block. Centrally located between the
Pannonian and Eastern Carpathians domains and at the boundary
between the Dacia and Tisza Mega-Units, the South Apuseni
Neogene and Quaternary magmatic district represents a key area for
understanding the geodynamic evolution of this region.

The emplacement of magmas in the South Apuseni Mountains
during the Miocene was promoted by extensional normal faults
caused by rotation of the underlying crustal blocks (Pa ̌trasçu et al.
1994; Rosu̧ et al. 2004a; Seghedi et al. 2022). These magmas,
ranging from basaltic andesites to dacite in composition, show
subduction-related geochemical signatures, with enrichments in
large ion lithophile elements and light rare earth elements, troughs at
Nb–Ta and Ti, and occasionally high Sr/Y, large ion lithophile

elements and light rare earth elements similar to adakitic rocks
(Rosu̧ et al. 2001, 2004a; e.g. Harris et al. 2013; Seghedi et al.
2022). Miocene rocks occur in both volcanic and subvolcanic
forms. The are multiple hypotheses about their genesis, ranging
from decompression melting of a metasomatized subcontinental
lithospheric mantle, melting of eclogitized lower crust and/or
uppermost mantle due to interactions with asthenospheric melts,
and melting of the retreating slab (Rosu̧ et al. 1997, 2001, 2004a;
Seghedi et al. 2010; Harris et al. 2013; Holder 2016; Ducea et al.
2020; Seghedi et al. 2022).

To date, the duration and age progression of the South Apuseni
Neogene and Quaternary magmatism is constrained primarily
through K–Ar ages (e.g. Pécskay et al. 1995; Rosu̧ et al. 1997;
Seghedi et al. 2022). However, K–Ar dating can yield unreliable
dates due to excess 40Ar caused by the presence of xenocrysts and
micro-xenoliths or due to 40Ar loss caused by post-emplacement
hydrothermal activity (Kelley 2002a). Existing zircon U–Pb age
values for our study area are mostly limited to intrusions of economic
interest (Kouzmanov et al. 2005b, 2006; Holder 2016). Zircon U–Pb
dating is a key tool in deciphering the emplacement history of magma
and the slow diffusion of Pb at magmatic temperatures also makes it
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well-suited to record the cryptic crustal components that contribute to
melts (e.g. Cherniak and Watson 2001; Tapster et al. 2014).

To address the spatiotemporal distribution of the South Apuseni
magmatism and its links with crustal rotation, we provide here an
updated and revised geochronological framework based on 20 new
laser ablation inductively coupled plasma mass spectrometry U–Pb
dates and a compilation of 37 published U–Pb and 42 published K–Ar
dates. We compare the K–Ar dates with the U–Pb data to assess their
utility for geological interpretation. In addition, we present the first
analysis of inherited zircon populations in Neogene and Quaternary
magmatic rocks to decipher the underlying basement, hidden
underneath Jurassic and younger volcanic and sedimentary rocks.

Regional geology

The Apuseni Mountains are located between two sedimentary
basins: the Cenozoic Pannonian Basin to the west and the Late
Cretaceous–Cenozoic Transylvanian Basin to the east. The
underlying basement is made up of two mega-units, the Tisza and
Dacia, and is overlain by the Southern Apuseni ophiolitic unit,
which was obducted onto the Dacia Mega-Unit at c. 153 Ma
(Gallhofer et al. 2017) and intruded by Late Cretaceous and
Miocene calc-alkaline magmas (Rosu̧ et al. 2004a; Seghedi 2004;
von Quadt et al. 2005; Gallhofer et al. 2015; Vander Auwera et al.
2016; Seghedi et al. 2022). The Tisza and Dacia mega-units are
made up of nappes that were amalgamated during the Variscan and
Alpine orogenies (Balintoni et al. 2007, 2010; Reiser et al. 2017).
From the bottom up, these are the Bihor Autochthonous Unit and
the Codru nappe system (Săndulescu 1984), representing the Tisza
Mega-Unit, overlain by the Biharia nappe system (Săndulescu
1984), which is part of the Dacia Mega-Unit (Fig. 1). These are
locally intruded and overlain by Variscan and Permian intrusive and
volcanic rocks (Pană et al. 2002; Balintoni et al. 2010; Nicolae et al.
2014; Szemerédi et al. 2021).

Overlying the Vidolm nappe are the Transylvanides, a tectonic
unit containing fragments of oceanic crust (Săndulescu 1984)
(Fig. 2) exhibiting subduction-related trace element signatures and
ascribed to back-arc and island arc settings (Bortolotti et al. 2002;

Nicolae and Saccani 2003; Gallhofer et al. 2017). These were
formed between 159 and 153 Ma and thrust over the Vidolm nappe
after 153 Ma (Gallhofer et al. 2017), followed by the intrusion of the
Late Cretaceous to Early Paleogene ‘banatitic suite’ (Fig. 2). The
latter was related to the closure of the Neotethys Ocean under the
Dacia-Tisza Mega-Unit, dated in the Apuseni Mountains by
Gallhofer et al. (2015) to 81 and 75.5 Ma. Fission track data,
collected predominantly from the Northern Apuseni Mountains or
Late Cretaceous sediment cover, indicate periods of uplift related to
the erosional denudation of the domed Bihor nappe system and two
previously unknown compressional events during the Early Eocene
and Early Oligocene near the Mezeș thrust (Merten et al. 2011;
Kounov and Schmid 2012). However, the presence of Paleogene
alluvial sediments in the South Apuseni Mountains indicates a
period of uplift and erosion. (Rosu̧ et al. 1997).

Neogene volcanism

Miocene closure of the Carpathian embayment, generated by the
roll-back of an SE–NW-oriented slab, resulted in extensional
tectonics (Burchfiel and Royden 1982; Balla 1987; Mațenco and
Radivojevic ́ 2012) and the generation of high volumes of calc-
alkaline and alkaline magmas in the Pannonian Basin, Eastern
Carpathians and South Apuseni Mountains (Ghitu̧lescu and
Socolescu 1941; Harangi 2001; Rosu̧ et al. 2004a; Seghedi et al.
2004, 2022; Harris et al. 2013; Lukács et al. 2018; Brlek et al.
2021). According to palaeomagnetic data, this Miocene closure was
accompanied by vertical-axis rotation of the Apuseni Mountains
(Pa ̌trasçu et al. 1994; Rosu̧ et al. 2004a).

The majority of the magmatic products are andesitic, with minor
basaltic andesites, dacites and rhyolites. (e.g. Rosu̧ et al. 2004a; Harris
et al. 2013). A detailed description of the analysed samples is reported
in Supplementary material, Appendix 1, Section 2. The Neogene
magmas exhibit subduction-related signatures, sometimes with an
adakitic fingerprint (Rosu̧ et al. 2004a; Harris et al. 2013; Seghedi et al.
2022), despite being distant from an active subduction zone (the
Neogene subduction-associated suites in the Carpathian arc are 200 km
east at the present day) and associated with extensional tectonics (e.g.

Fig. 1. Simplified geotectonic map of the
Carpatho-Pannonian region showing the
Miocene calc-alkaline magmatism. The
white rectangle highlights the study area
of the South Apuseni Mountains (see
Fig. 2). STF, South Transylvanian Fault.
Source: geotectonic map after Schmid
et al. (2008); calc-alkaline magmatism
after Seghedi et al. (2022).
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Rosu̧ et al. 2004a; Harris et al. 2013; Seghedi et al. 2022). Previous
workers have identified a number of different volcanic–intrusive
complexes (VICs) – the Baia de Aries,̧ Bucium–Rosi̧a Montana,̆
Zlatna, Brad, Zarand, Hărțăgani–Săcar̆âmb, Deva and Uroi VICs
(Fig. 2; Rosu̧ et al. 2004b) – and this nomenclature is also used here.

Based on existing K–Ar and U–Pb radio-isotopic dating,
magmatism is considered to have been active between 14.8 and
7.4 Ma (Rosu̧ et al. 1997, 2004a, b; Kouzmanov et al. 2005a, b;
Holder 2016; Seghedi et al. 2022). The earliest magmatic products can
be found in the Bucium–Rosi̧a Montană VIC and magmatic activity
slowly migrated westwards and southwards with time. After 10.5 Ma,
the volcanic activity around Baia de Aries ̧ produced magmas with
distinct geochemical features, such as higher large ion lithophile
element contents and more mantle-like Sr and Nd isotopic signatures
(Rosu̧ et al. 2004a, b; Harris et al. 2013; Seghedi et al. 2022), until
7.4 Ma, when Miocene activity ceased (Rosu̧ et al. 2004a). The last
magmatic manifestation recorded in the South Apuseni Mountains is
the small alkaline intrusion from Uroi, previously dated at 1.6 Ma by
the K–Ar method (Pécskay et al. 1995).

Current hypotheses regarding the source of the South Apuseni
Neogene and Quaternary magmas include a subcontinental
lithospheric mantle metasomatized during previous subduction
events (Rosu̧ et al. 2004a; Harris et al. 2013), lower crust/uppermost
mantle mixed with various mantle melts (Seghedi et al. 2022) or the
retreating slab (Ducea et al. 2020).

Sample selection and analytical techniques

Fresh to minimally altered rock samples were collected from
Neogene VICs and two Jurassic and two Cretaceous rhyolitic lava
flows. The sample locations are detailed in Table 1 and Figure 2.

Heavy mineral separates were obtained at the Geochronology and
Tracers Facility, British Geological Survey (Keyworth, UK). At

least 3 kg of rock sample were crushed using a jaw-crusher and
ground using a disc mill. Samples were then sieved and the heavy
minerals were separated using a Rogers table, a Franz electromag-
netic separator and diiodomethane heavy liquid. The zircon fraction
was hand-picked under a binocular microscope and mounted in an
epoxy mount, which was then polished with 0.25 µm diamond
paste. Back-scattered electron and cathodoluminescence imaging of
the separated zircon crystals was undertaken at the University of
Leicester (Leicester, UK) using a Deben Centaurus cathodolumin-
escence detector mounted on a Zeiss Sigma 300 analytical scanning
electron microscope. The operating conditions for the scanning
electron microscope were 15 kV, 50 µA and an 11–13 mm working
distance. The samples were repolished and cleaned after imaging.

U–Pb data were obtained at the British Geological Survey
Geochronology and Tracers Facility using a Nu Instruments Nu
Plasma HR multi-collector inductively coupled plasma mass
spectrometer equipped with a New Wave Research 193ss laser
ablation system. Ablation spots (c. 15 μm depth with diameters of 35
and 25 μm for the crystal rims and cores, respectively) were chosen
based on the cathodoluminescence and back-scattered electron images
and optical microscopy. A fluence between 1.5 and 2.5 J cm−2 and an
ablation frequency of 5 Hz were used. Corrections for initial 230Th
disequilibrium were applied following the method detailed in Tapster
et al. (2016), resulting in an additional c. 90 kyr on each age
interpretation. More details regarding the methodology can be found
in Supplementary material, Appendix 1, Section 1.

Characterizing zircon populations and interpreting age
data

Various types of zircon crystals have been recognized in the
investigated rock samples, for which we adopted the terminology of
Miller et al. (2007). Antecrysts are defined as zircons that

Fig. 2. Geological map of the South
Apuseni Mountains showing the locations
of the collected samples (grey circles).
Thick coloured lines represent the
volcanic–intrusive complexes as shown in
the legend. The Uroi VIC represents only
a small intrusive body from where the
sample was collected. Source: after Rosu̧
and Nicolae (2001).
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crystallized from an earlier pulse of magma and were incorporated
in a later pulse, whereas crystals whose relation with the final
magma fraction and emplacement is certain are named autocrysts.
Xenocrysts are crystals sourced from a host rock that is distinctly
older than the magmatic system. They can be found either as
inherited cores or individual crystals and can be easily distinguished
due to their different cathodoluminescence response, rounded edges
and resorption features. A crystal may therefore have multiple
xenocrystic cores, antecrystic growth zones and autocrystic rims.

We analysed zircon crystals from 24 rock samples, 20 belonging to
theNeogene andQuaternarymagmatism and four from the Cretaceous
and Jurassic basement. Weighted mean ages of 206Pb/238U were
calculated from analyses that showed >95% concordance between
206Pb/238U and 207Pb/235U and were considered relevant if their 2σ
mean square weighted deviation was ≤1 + 2(2/f )2 (Wendt and Carl
1991),where f represents degrees of freedom (numberof analyses− 2).
Where the weighted mean ages could not be calculated (e.g. due to
high common Pb), lower intercept ages from Tera Wasserburg
projections were considered. Full results are presented in Table S1.
Individual U–Pb crystallization ages with their corresponding
cathodoluminescence images are discussed for each rock sample in
Supplementary material, Appendix 1, Section 2.

Probability density plots were constructed using DensityPlotter
(Vermeesch 2012). For crystals displaying ages younger than
1200 Ma, the probability density plots were constructed using
206Pb/238U ages for analyses showing a >90% concordance between
206Pb/238U and 207Pb/235U. For samples with ages older than
1200 Ma, 207Pb/206Pb ages were preferred.

Results

Zircon characterization

The zircon crystals in the analysed samples show diverse
morphologies, ranging from euhedral to subhedral with a minor

population of anhedral crystals (Fig. 3). The majority are prismatic,
but more elongated or rounded zircons are also common, such as
crystals 1 and 4 (Fig. 3a). Broken fragments are found in almost all
samples. Crystals range in size from <20 to 400 μm. The majority of
crystals show fine oscillatory zoning, commonly overprinted by
sector zoning; patchy or banded zoning has also been observed
(Fig. 3). Inherited cores are common and can easily be discerned
due to their different cathodoluminescence response relative to the
rims. They are usually rounded, exhibiting resorption features at the
core–rim interface and faint sector or oscillatory zoning (Fig. 3b).
They vary between 10 and >100 μm in diameter. Zircon crystals
with multiple cores or xenocrystic crystals with older cores
(crystal 1, Fig. 3b) were also observed.

U–Pb dates and age interpretations of Neogene and
Quaternary zircon populations

The Neogene and Quaternary zircon populations exhibit dates
ranging from 18.15 to 1.54 Ma. The interpreted Neogene
crystallization ages range mainly from 13.4 ± 0.2 to 7.3 ± 0.1 Ma.
A significantly younger agewas obtained for a rock sample from the
Uroi complex of 1.5 ± 0.1 Ma. Age interpretations are summarized
in Table 1 and Fig. S1 and a more detailed description of the
workflow for each rock sample can be found in Supplementary
material, Appendix 1, Section 2.

Eight samples yielded dates that were significantly older than their
interpreted emplacement ages, but belonged to the same time interval
and magmatic activity. These can be interpreted as due to the
presence of antecrystic or xenocrystic zircon crystals, the latter related
to shallow crustal contamination from eroded or currently undated
intrusions or volcanic rocks in their vicinity. For example, in the Baia
de Arieș VIC, the Geamăna-E intrusion (8.4 ± 0.1 Ma) contains
zircon crystals with dates ranging back to 14.6 Ma and the nearby
Geamăna-V body (7.3 ± 0.1 Ma) shows an almost continuous
distribution of dates from 8.9 to 7.1 Ma (Fig. 4). A presentation of

Table 1. Calculated (including initial 230Th disequilibrium corrections) emplacement ages for the investigated rocks from the South Apuseni Mountains,
including sample locations and geographical coordinates

Volcanic–intrusive complex Rock sample Location °E °N Age (Ma) Error (±Ma)

Bucium–Roșia Montană CON-01 Dealul Conțu 23.18261 46.26082 13.39 0.19
POI-01 Poienile - Stâlnișoara 23.21009 46.23131 13.33 0.25

Baia de Arieș BR-01 Valea Ha ̆rmănesei 23.27277 46.35965 9.26 0.16
SIM-02 Colții Lazărului 23.30987 46.3511 8.77 0.06
DET* Detunata 23.20333 46.26611 8.57 0.52
GEA-E Geamăna-Est 23.24677 46.28546 8.35 0.06
GEA-V Geamăna-Vest 23.23617 46.28138 7.33 0.06

Zarand ACI* Aciuța quarry 22.4507 46.2942 12.69 0.23
12.07 0.22

TLG Tălagiu quarry 22.46305 46.27059 12.2 0.15
Zlatna STN-09g Corbu stream, Stănija 23.04415 46.14413 12.61 0.08

MLP-01 Măgura Lupului quarry 23.17616 46.09209 12.05 0.12
TRP-03 Trâmpoiele 23.13915 46.14376 12.43 0.1
AM-04g Neagra quarry, Almașu Mare 23.09023 46.1243 12.79 0.06

Brad DFT-02g Dealu Fetii 22.79565 46.08466 11.71 0.06
CIN Câinelu de Sus 22.890145 46.053465 12.94 0.08

Ha ̆rța ̆gani–Sa ̆cărâmb HAI-01 Haitău 23.03055 45.97829 10.41 0.1
PT-01 Coasta Mare 23.01252 46.00174 10.86 0.07
LED Ledișoiu 23.01383 45.95325 10.4 0.08

Deva NUC-02 Nocet hill 22.85296 45.86763 11.53 0.09
Uroi UR-01 Uroi Hill 23.04499 45.85616 1.54 0.05
Cretaceous PAT Pa ̆trângeni rhyolite 23.258 46.09203 82.12 0.5

ZLT Zlatna 23.20183 46.11808 81.78 0.64
Jurassic LUN Luncșoara 22.70238 46.04466 161.24 0.8

BAR Barbura 22.90932 46.00722 163.06 0.9

Errors are 2σ. Emplacement ages for samples marked with an asterisk represent lower intercept TW Concordia ages. The Zarand sample from the Aciuța quarry displays two clearly
distinct populations.

4 V.V. Ene et al.

https://doi.org/10.6084/m9.figshare.c.6951429
https://doi.org/10.6084/m9.figshare.c.6951429


antecrystic zircon data is given alongside the age interpretations in
Supplementary material, Appendix 1, Section 2.

Comparison between our U–Pb data and previously
published K–Ar age data

Ideally, K–Ar dates should document indistinguishable or slightly
younger dates, as a result of the lower closure temperature, than the
youngest zircon U–Pb dates from the same sample. However, K–
Ar ages can be affected by Ar loss, Ar gain, inherited Ar from
crustal assimilation or xenoliths (Kelley 2002a, b; Hora et al.
2010). Unlike zircon, the minerals or rocks used for K–Ar dating
are particularly susceptible to disturbance from hydrothermal
alteration and weathering, thus posing significant questions about
their significance (Kelley 2002b). To assess the reliability of the
existing K–Ar data for the South Apuseni igneous rocks, we
determined zircon U–Pb ages for seven samples previously dated
using the K–Ar method (Fig. 5).

One of the oldest samples in the Bucium–Roșia Montană VIC
provides a U–Pb age of 13.3 ± 0.3 Ma compared with 14.6 ± 1.6 Ma
by the K–Ar method (Rosu̧ et al. 1997). New U–Pb ages for rock
samples in the Zlatna (12.4 ± 0.1 Ma), Ha ̆rțăgani–Săcărâmb (10.9

± 0.1 Ma) and Uroi (1.5 ± 0.1 Ma) VICs are also within the
uncertainty of previous K–Ar ages (12.6 ± 0.5, 10.4 ± 0.4 and 1.6
± 0.1 Ma, respectively). However, it is evident that the U–Pb
method provides relatively higher precision. Significant differences,
larger than the 2σ reported uncertainties, have also been observed,
especially in samples from the Zlatna (12.79 ± 0.06 v. 11.07 ±
0.63 Ma), Baia de Arieș (7.3 ± 0.1 v. 7.8 ± 0.3 Ma) and Deva (11.5
± 0.1 v. 12.6 ± 0.5 Ma) VICs. No consistent or systematic difference
is observed, suggesting that multiple causes were responsible for the
observed age differences obtained using the two methods.

Despite the significant differences in dates, the relative
sequencing of events is unchanged from the K–Ar to U–Pb ages,
suggesting that the K–Ar ages can be meaningfully interpreted and
can still provide chronological insights within the c. 7 Myr
evolution of the Neogene magmatism, albeit with caveats on their
stated uncertainties.

Jurassic and Cretaceous samples

The analysed Jurassic and Cretaceous rock samples were dated to
161.2 ± 0.8 and 163.1 ± 0.9 Ma and to 82.1 ± 0.5 and 81.8 ±
0.6 Ma, respectively (Table 1, Fig. S1).

Fig. 3. Cathodoluminescence
images showing the diverse
morphologies of the zircon crystals
found in the investigated Neogene
and Quaternary rocks from the
South Apuseni Mountains. (a)
Crystals segregated from the host
magma: 1, rounded subhedral
zircon crystal with faint oscillatory
zoning; 2, anhedral, possibly
resorbed crystal; 3, euhedral
prismatic crystal with strong
oscillatory zoning; 4, elongated
crystal with oscillatory and sector
zoning; 5, anhedral crystal
exhibiting sector zoning. (b)
Various inherited crystals and cores,
including the analysed dates: 1,
resorbed xenocrystic crystal with
older xenocrystic core; 2, 3, 4,
xenocrystic cores exhibiting
resorption features with Neogene
magmatic overgrowths; 5,
xenocrystic core with thin magmatic
overgrowth. Crystals a1 and b5 are
from a rock sample in the Zarand
volcanic–intrusive complex (VIC);
crystals a2, b3, a4, b4 and b2 were
extracted from rock samples from
the Baia de Arieș VIC. Crystal a5
was obtained from a rock sample
from the Uroi VIC and crystal a3
from a rock sample collected from
the Ha ̆rțăgani–Săcărâmb VIC.

Fig. 4. Distribution of
geochronology dates for individual
zircon crystals in the Geamăna-V
and Geamăna-E andesites, part of
the Baia de Arieș volcanic–intrusive
complex. Solid bars represent the
2σ uncertainties of the analyses.
The 14 Ma dates for the Geamăna-E
sample are not shown.
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Xenocrystic zircon populations

The studied Neogene samples contain numerous pre-Neogene zircon
crystals, either as xenocrysts or cores surrounded by younger rims
(Fig. 3b). The number of inherited zircon crystals varies significantly
between individual samples, ranging from 91 to only two crystals.
Samples from the Baia de Aries ̧ VIC contain, on average, more

xenocrystic crystals and cores. The distribution of xenocrystic age
data for all the investigated VICs is shown in Figure 6. The sample
from Uroi exhibits populations from the Late Eocene, Early
Paleocene, Late Cretaceous, and Early and Late Permian. Zircon
crystals from the nearby Deva VIC fall within the Late Cretaceous
and Neoproterozoic. Xenocrysts from Zarand exhibit ages belonging
to the Archean, Proterozoic, Devonian–Carboniferous (the largest

Fig. 5. Comparison between literature K–Ar data (Pécskay et al. 1995; Rosu̧ et al. 1997) and the zircon U–Pb age data from this study collected from the
same localities/intrusions. Horizontal lines represent error bars. Ages in Ma are shown on the x-axis, whereas the y-axis displays the locality/intrusion name
and the volcanic–intrusive complex. BA, Baia de Arieș; HS, Hărțăgani–Săcărâmb; BR, Bucium–Roșia Montană.

Fig. 6. Probability density plots of U–Pb
age data obtained for xenocrystic zircon
crystals and cores from the investigated
South Apuseni Mountains volcanic–
intrusive complexes; n refers to the
number of analysed crystals. Colours for
the various volcanic–intrusive complexes
as in Figure 2.
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population), Permo-Triassic, Early Jurassic and Oligocene, whereas
additional populations of (mostly) Neoproterozoic and (subordinate)
Early Cretaceous ages have been observed in the Zlatna VIC.
Samples from Brad are similar, exhibiting, in addition, Late
Cretaceous and Paleocene populations. In the Har̆țăgani–Săcărâmb
VIC, the analysed xenocrysts, albeit scarce, span a wide range from
the Ordovician to the Early Devonian, Triassic, Early Jurassic and
Early Cretaceous. Rock samples from the Bucium–Roșia Montană
VIC display a population of Neoproterozoic, Devonian–
Carboniferous, Permo-Triassic and Late Cretaceous xenocrystic
crystals. Samples belonging to the Baia de Arieș VIC exhibit the
largest population of xenocrystic zircon crystals, with significant age
groups belonging to the Permo-Triassic, Ordovician–Silurian,
Cretaceous and Late Jurassic (Fig. 6). Cretaceous samples exhibit
an important Late Ordovician population and minor Cambrian,
Neoproterozoic and Archean populations. No inherited zircon crystal
was found in the analysed Jurassic samples.

Discussion

Updated timeline for vertical axis rotations in the South
Apuseni Mountains

Evidence for vertical axis rotations based on palaeomagnetic data
from Tertiary magmatic rocks from the South Apuseni Mountains
(Pa ̌trasçu et al. 1994; Rosu̧ et al. 2004a) has been used in several
tectonic models of the Carpathians (e.g. van Hinsbergen et al. 2020
and references cited therein). However, the limitations of the
existing K–Ar dates in terms of precision and accuracy generate
uncertainty within these prior interpretations. Based on the
numerous recent U–Pb ages (Kouzmanov et al. 2005a, b;
Gallhofer et al. 2015; Holder 2016; this study), we refine the
timeline for the vertical axis rotations in the South Apuseni
Mountains, as inferred by palaeomagnetic data. The sites where
palaeomagnetic data were obtained (Pa ̌trasçu et al. 1994; Rosu̧ et al.
2004a) have been divided into four groups based on the available
ages (Table S3; Fig. S2). For each group, we calculated the mean
age based on the U–Pb ages and, in their absence, on the available
K–Ar ages. We calculated the mean palaeomagnetic direction based
on Fisher (1953) statistics. To ensure that the mean palaeomagnetic
directions can be used for tectonic interpretation, we followed the
criteria of van Hinsbergen et al. (2020): (1) k values (Fisher 1953)
≥50; (2) a fixed 45° cut-off angle from the mean palaeomagnetic
pole; and (3) at least four sites can be averaged from an area.

The first group includes five sites sampled from the magmatic
rocks of the Late Cretaceous (banatitic suite) related to the closure of
the Neotethys Ocean under the Dacia-Tisza Mega-Unit, which were
considered to be of Eocene–Oligocene age by Pa ̌trasçu et al. (1994).
The available U–Pb ages from the South Apuseni Mountains
(Gallhofer et al. 2015; this study) and the K–Ar age from Downes
et al. (1995) indicate that the age of these magmatic rocks is Late
Cretaceous. If we take these U–Pb ages into account, then the mean
age of the rock samples from this group is 79.8 ± 1.6 Ma (seven ages
between 82.0 and 77.8 Ma). The second group includes 15 sites
where Miocene magmatic rocks crop out with a mean age of 13.3 ±
0.6 Ma (eight ages between 14.8 and 12.8 Ma). The third group
comprises 37 sites characterized by igneous rocks with a mean age
of 11.6 ± 0.8 Ma (19 ages between 12.8 and 10.3 Ma). The fourth
group contains six sites where igneous rocks yielded a mean age of
8.5 ± 0.9 Ma (six ages between 9.4 and 7.3 Ma).

The presence of antipodal normal and reversed directions in the
Miocene groups indicates that the sampling covers enough time to
average the secular variation to yield a mean direction that can be
used for tectonic interpretation. The second and the third groups
also have a positive reversal test (McFadden and McElhinny 1990)

classification C (observed angle 10.0° less than the critical angle
13.2°) and classification B (observed angle 1.1° less than the critical
angle 8.8°), respectively.

We used the method of Debiche and Watson (1995) to compute
the amplitude of vertical axis rotations. The mean palaeomagnetic
directions for the third and fourth groups are close to that of a
geocentric axial dipole at the sampling area (Fig. 7). We interpret
these results as indicating the absence of vertical axis rotations after
11.6 Ma, so we took the mean palaeomagnetic direction for
11.6 Ma as a reference for the amplitude of vertical axis rotations.
The amplitude of rotation between 79.8 and 11.6 Ma is 64.8 ±
11.6°. This value is comparable with those obtained for Late
Cretaceous rocks from the Apuseni Mountains (83.3 ± 6.5°) and the
South Carpathians (70.1 ± 10.4° and 85.2 ± 11.4°; Panaiotu and
Panaiotu 2010). The amplitude of vertical-axis rotation between
13.3 and 11.6 Ma is 54.4 ± 10.7°. These results confirm that most of
the clockwise rotation of the Tisza-Dacia Block was rapid, taking
about 2–3 Myr (e.g. Rosu̧ et al. 2004a). The estimated amplitude of
the vertical-axis rotation agrees with the reconstruction of the
Miocene kinematic evolution of the Carpathian area provided by
van Hinsbergen et al. (2020).

Revised chronological framework for Neogene and
Quaternary magmatism in the South Apuseni Mountains

Based on the 57 available U–Pb ages (Table S2), Neogene
magmatism in the South Apuseni Mountains was active between
at least 13.7 ± 0.6 Ma (Bucium–Roșia Montană VIC) and 7.3 ±
0.1 Ma (Baia de Arieș VIC, Fig. 8). Magmatic activity prior to the
dated samples is also recorded in the antecrystic population
exhibiting ages up to 14.5 Ma in the Baia de Aries,̧ Bucium–
Rosi̧a Montană and Zlatna VICs and in some of the K–Ar ages
(Fig. 8, Table S2). There does not seem to be any preferential east–
west migration of magmatic activity with time, with centres in the
far west (Zarand) being relatively coeval with those in the east

Fig. 7. Mean palaeomagnetic directions for the Late Cretaceous (orange
line and corresponding value) and Miocene group 1 (red line and
corresponding value) magmatic rocks from the South Apuseni Mountains.
The amplitudes of the vertical axis rotations are computed with respect to
the 11.6 Ma mean palaeomagnetic directions. The coloured squares and
associated ages represent the mean ages of the groups as defined in the
text: orange, group 1; red, group 2; blue, group 3; black, group 4.
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(Zlatna) or in the centre (Brad, Fig. 8). The most prolific time for
magma generation was during crustal rotation (Fig. 8).

The geochronological data for individual VICs in the South
Apuseni Mountains show evidence for episodic magmatic activity
(Fig. 8). For example, the Hărțăgani–Săcărâmb VIC displays three
main periods of flare-ups lasting between c. 150 and 600 kyr and
lulls from c. 1 Myr to c. 300 kyr. In the northernmost South Apuseni
Mountains, the oldest Bucium–RoșiaMontana ̆VICwas active for c.
500 kyr, followed by small, sporadic and localized intrusions after a
pause of >2 Myr in the Baia de ArieșVIC. Based on the distribution
of existing geochronological data and the spatial distribution of
known Neogene and Quaternary bodies, we can exclude any
sampling bias and conclude that the observed intermittent activity is
probably linked to the incremental opening of extensional basins,
crustal rotation, and compression and extension in the Eastern
Carpathians and Pannonian Basin (Seghedi et al. 2022).

The youngest intrusion is the small alkaline potassic body
cropping out in the Uroi VIC, which was dated in this study at 1.5 ±
0.1 Ma (Fig. 8). Roughly coeval alkaline magmatism was active at
the Perșani Volcanic Field (Eastern Carpathians) between 1.2 and
0.68 Ma (Panaiotu et al. 2013) and at the eastern extremity of the
Pannonian Basin at c. 2.5 Ma (Lucareț), c. 2 Ma (Bar) and c. 1 Ma
(Ga ̆taia; Harangi et al. 1995; Pécskay et al. 1995; Seghedi et al.
2008). Nevertheless, there is no clear link between these events.

Crustal components in the South Apuseni Mountains

Twomajor tectonic units underlie the South Apuseni Mountains: the
Dacia and Tisza mega-units (Fig. 1). These are part of the Inner
Carpathian Units (Ducea et al. 2018) and were formed as island arcs
in a peri-Gondwanan setting from the Late Neoproterozoic to the
Ordovician–Silurian (Balintoni et al. 2010, 2014; Balintoni and
Balica 2013), with an flare-up in magmatic activity at c. 460 Ma
(Stoica et al. 2016). Zircon populations from these units exhibit
major peaks in the Cambrian andOrdovician, with minor inheritance
of Neoproterozoic and older zircon populations (Balintoni et al.
2010; Ducea et al. 2018). The boundaries of the Dacia and Tisza
mega-units are obscured by overlying Jurassic back-arc and island

arc products obducted on top of the Dacia and Tisza mega-units
during the Late Kimmeridigian (Gallhofer et al. 2017).

Other notable features observed in the local geology are Variscan
granitods and metamorphic rocks, including mica schists, ortho-
and paragneisses and metabasites (Pană et al. 2002; Balintoni et al.
2007, 2009), the products of a Permian bimodal magmatic event
generated due to the Variscan orogenic collapse and the initiation of
Permo-Jurassic extension (Seghedi 2011; Nicolae et al. 2014;
Szemerédi et al. 2020, 2021), and a number of Late Cretaceous
intrusions and volcanics (Gallhofer et al. 2015; Vander Auwera
et al. 2016).

Here, we examine the use of inherited zircon crystals within
magmatic rocks to better constrain the nature of the crust beneath
magmatic centres. Of all the analysed rocks, the xenocrystic
populations from the Cretaceous rocks are consistent with those
reported in previous studies of the underlying basement (Balintoni
et al. 2010) and of detrital zircons from rivers flowing through the
Dacia terranes (Ducea et al. 2018), showing a significant peak at c.
457 Ma and minor inheritance from Neoproterozoic and older
zircon crystals. Even though similar populations are observed in
samples from other VICs (e.g. Ordovician populations have also
been found in samples from the Baia de Arieș and Hărța ̆gani–
Săca ̆râmb VICs), the main peaks are different, with clear regional
differences in xenocrystic populations between VICs.

These differences will be addressed more in detail in the
following sections, with the aim of proposing some correlations
between the rock units making up the underlying basement.

Permo-Triassic

One of the most frequently observed xenocrystic zircon populations
in the analysed rock samples from the South Apuseni Mountains
dates back to c. 260 Ma and is particularly present in the rock
samples from the Baia de Arieș VIC (Fig. 6). Locally, early (c.
290 Ma, Balintoni et al. 2009) and Mid-Permian (c. 280–260 Ma,
Pană et al. 2002; Szemerédi et al. 2020; Szemerédi et al. 2021)
intrusions and volcanic rocks crop out in the western Apuseni
Mountains and the Pannonian Basin, representing the last stages of

Fig. 8. Spatial and temporal evolution of Neogene magmatism in the Apuseni Mountains. U–Pb ages from this study, Holder (2016), Kouzmanov et al.
(2005b) and Kouzmanov et al. (2006). K–Ar ages from Pécskay et al. (1995), Rosu̧ et al. (2001), Rosu̧ et al. (2004a, b) and Seghedi et al. (2022).
Temporal scale and Pannonian magmatism after Balázs et al. (2016) and Harangi (2001). More details regarding Pannonian magmatism and its geochemical
characteristics can be found in Harangi (2001). Eastern Carpathian magmatism after the compilation by Vlasceanu et al. (2021). Colours for the various
volcanic–intrusive complexes as in Figure 2. The black vertical lines are error bars. Dd.mm indicates that the values are in degrees and minutes. The
database for the figure can be found in Table S2.
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the Variscan collision and the ensuing orogenic collapse. Similarly,
late Permian ages have been observed in the Danubian domain
(Balintoni and Balica 2012).

No Triassic rock has been described in the investigated area, but a
Mid-Triassic zircon population (>237 Ma) has been described in
Upper Cretaceous sedimentary rocks from the western Apuseni
Mountains (Zaharia et al. 2018). However, the Lower Cretaceous
Bozeș sedimentary formation (eastern South Apuseni Mountains)
exhibits no Permo-Triassic population (Bălc and Zaharia 2013).
Few Triassic dates are reported for the Vința granite in the Baia de
Arieș VIC (Pană et al. 2002), albeit as a highly discordant fraction
due to Pb loss, and within the Early Permian Muntele Mare granite,
a few kilometres north from the Baia de Aries VIC in the North
ApuseniMountains (Balintoni et al. 2009). Triassic magmatic rocks
are found in North Dobrogea (Saccani et al. 2004) and at Ditra ̆u
(Pál-Molnár et al. 2021), >150 km to the east, and Permian and
Triassic magmatic rocks have been reported in drill cores from the
Moesian Platform (Paraschiv 1978; Paraschiv et al. 1983). Hoeck
et al. (2009) describe a suite of ultramafic to intermediate rocks
found as blocks in the Late Barremian–Early Aptian Wildflysch
sediments of the Eastern Carpathians, which they interpret as an
eroded ophiolitic sequence formed during the Mid- to Late Triassic
in an ocean setting bordering the North Apuseni crustal blocks.

Devonian–Carboniferous

The Variscan Orogeny is marked by granite and migmatite
formation and high-grade metamorphism in the Carpathians,
including the Apuseni Mountains (Dra ̆gusa̧nu and Tanaka 1999;
Pană et al. 2002; Medaris et al. 2003; Balica et al. 2008). In the
investigated samples, Variscan zircons (Fig. 6) represent the main
peak in Zarand (c. 350 Ma) and minor peaks in Baia de Arieș (c.
355 Ma), Zlatna (c. 348 Ma) and Bucium–Roșia Montană (c. before
339 Ma).

Jurassic and Cretaceous

Jurassic back-arc and island arc magmatism was active between 163
and 153 Ma (Gallhofer et al. 2017; this study). However, most of the
Jurassic dates obtained from the analysed xenocrystic zircon crystals
show younger ages (c. 150 Ma). A similar trend can be seen for the
Cretaceous inherited populations, which show younger (73 Ma in
the northern VICs and 67 Ma at Uroi) or older (136 and 112 Ma in
the northern VICs and 124 Ma in the southern VICs) dates than the
local Cretaceous magmatism, dated to between 82 and 75.5 Ma
(Gallhofer et al. 2015). A basaltic andesite intrusion near Deva was
dated by Downes et al. (1995) to 66 Ma, but seems improbable as a
possible source.

Paleogene

Xenocrystic zircon populations with ages between 66 and 20 Ma
have been observed, mainly in samples from the Baia de Arieș, Uroi
and Zarand VICs (Fig. 6). No coeval magmatism is known in the
South Apuseni Mountains.

Provenance of xenocrystic zircon populations

The crustal blocks into which the Neogene and Quaternary magmas
of the South Apuseni Mountains intruded exhibit complex
geological histories, spanning the Late Cambrian–Miocene time
interval (Balintoni et al. 2010). However, pre-Jurassic lithologies
are covered by Jurassic back-arc and island arc suites and various
Cretaceous to Quaternary sediments (Ianovici et al. 1976; Seghedi
2004).

The porphyritic nature and intermediate to evolved composition
of the investigated South Apuseni Mountains rock samples suggests

ponding in crustal reservoirs, making crustal contamination likely.
However, existing Sr–Nd isotope data (Rosu̧ et al. 2004a; Seghedi
et al. 2007, 2022; Harris et al. 2013) indicate low degrees of crustal
contamination, especially for samples rich in inherited zircon
crystals from Baia de Arieș and Zarand, indicating a juvenile source
(Rosu̧ et al. 2004a, b; Seghedi et al. 2007, 2022; Harris et al. 2013).
A subset of xenocrystic zircon crystals was found rimmed by
>35 μm thick Neogene–Quaternary overgrowths, evidence of a long
residence time in a Zr-saturated melt. The second subset, showing
thin or barely observable rims, indicates late-stage upper crustal
contamination or shielding inside xenoliths or xenocrysts.

Although part of the inheritance can be explained through
interaction with the crust, not all of the observed xenocrystic zircon
populations have any correspondence with the rock units compris-
ing the crustal blocks, requiring input from other sources. The
paucity of evidence for occurrence of Triassic, Late Jurassic–Early
Cretaceous or Paleogene geological units in the South Apuseni
Mountains presents an issue for the argument that zircon inheritance
reflects relatively straightforward crustal contamination from the
local basement (Fig. 9). This is discussed in the following sections
by presenting three possible scenarios.

Upper crustal contamination with sedimentary rocks

As shown in Figure 2, some of the analysed samples belong to
bodies intruding into sedimentary rocks, especially in the Baia de
Arieș. Existing datasets of detrital zircon in Cretaceous sedimentary
rocks exhibit important populations of Late Cretaceous (c. 82 Ma),
Permian (significant populations between 255 and 269 Ma and at
280 Ma), Devonian (380 Ma) and Ordovician (at c. 452, 470 and
480 Ma; Zaharia et al. 2018) ages, which do not explain the
xenocrystic complexity. In addition, the observed Paleogene zircon
population in samples from the Baia de Arieș VIC are younger than
the surrounding basement units.

Presence of cryptic intrusions at depth

Permian intrusions and volcanics crop out, in order of abundance, in
the Codru and Biharia nappe systems and in the Bihor
Autochthonous Unit (Szemerédi et al. 2021), which lie underneath
the Baia de Arieș and Vidolm nappes into which the Baia de Arieș
magmas intruded. It therefore seems reasonable that Neogene
magmas might have interacted with Permian lithologies at depth.
However, in the Uroi VIC and in the southern part of the Hărța ̆gani–
Săca ̆râmb VIC, magmas intrude into the Padeșmetamorphic series,
part of the South Carpathian/Getic domain (Balintoni et al. 2014),
where Permian rocks are scarce (Ducea et al. 2018).

Derivation of xenocrystic zircon populations from the
retreating slab

A third possibility is the derivation of the observed xenocrystic
zircon populations from the retreating slab. The nature and age of
the slab is debated, but Ducea et al. (2020) argues for the subduction
of foreland continental lithosphere. Subduction of part of the
Moesian Platform might explain the significant Permo-Triassic
population, but our data lack the significant peaks that have been
observed in the Danubian (e.g. 308, 577 or 806 Ma) and in the
Central and Southern Dobrogea (e.g. 612 Ma; Ducea et al. 2018;
Fig. 9), part of the Western and Eastern Moesian Platform. The
majority of models for the genesis of Neogene and Quaternary
magmas in the South Apuseni Mountains suggest asthenospheric
upwelling and melting of the subcontinental lithospheric mantle
and/or lower crust (e.g. Seghedi et al. 2022), without any input from
the slab, which only acts as a driver of extensional tectonics during
its eastwards roll-back. In this instance, a two-step process is
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required: (1) preconditioning the lower crust and/or the mantle and
introducing xenocrystic zircon into the system underneath what will
become the South Apuseni Mountains; and (2) melting during
Neogene extensional tectonics. An alternative model is proposed by
Ducea et al. (2020) for the Uroi VIC, a significant bearer of
xenocrystic zircon crystals, arguing in favour of a slab-melting
origin for the magmas due to their evident adakitic fingerprint.

Summary

The xenocrystic zircon crystals in the analysed samples from the
South Apuseni Mountains capture an intriguing record of crustal
complexity at depth (Fig. 9). Our dataset of xenocrystic zircon dates
cannot pinpoint one individual source for the observed populations
and whether these reflect the source of the magmas or crustal
contamination. Nevertheless, this complexity needs to be taken into
consideration when discussing the origin and evolution of the
Neogene and Quaternary magmatic suites in the South Apuseni
Mountains.

Conclusions

• Based on the newly available U–Pb ages, Neogene
magmatism in the South Apuseni Mountains was active
between 13.8 ± 0.6 and 7.3 ± 0.1 Ma. During the
Quaternary, the Uroi intrusion was emplaced at 1.5 ±
0.1 Ma. Magmatism started in the northern part of the

district in the Bucium–Rosi̧a Montană VIC. This was
followed by magmatic activity in the south and west, leading
to the formation of most of the Zlatna–Brad, Zarand,
Hărța ̆gani–Săca ̆râmb and Deva VICs. No east–west prefer-
ential migration of magmatic activity has been observed,
Zlatna in the east being relatively coeval with Zarand in the
west. Magmatism started in the Baia de Aries ̧ VIC at
c. 9.4 Ma, where it remained active for 2 Myr, ceasing at
c. 7.3 Ma. The updated timeline for the vertical axis rotations
of the South Apuseni Mountains shows that most of the
clockwise rotation (54.4 ± 10.7°) took place rapidly between
c. 14 and 11 Ma, confirming previous studies.

• Inherited zircon crystals are present in all the volcanic–
intrusive complexes; however, their frequency differs.
Analysed populations in the collected Cretaceous samples
match the ages of rock units making up the local crust, with a
prominent peak at c. 460 Ma. By contrast, a Permo-Triassic
population is the most frequent age group detected in the
Neogene and Quaternary VICs.

• The ages reported for the local crustal units into which the
South Apuseni Mountains Neogene and Quaternary
magmas intruded cannot account for the observed xeno-
crystic zircon crystal populations. Other sources are
therefore required. It is unclear how, and in what propor-
tions, these interacted with the analysed Tertiary rocks.

Scientific editing by Lorenzo Fedele

Fig. 9. Probability density plots of zircon U–Pb age data for rock samples from (a) the northern volcanic–intrusive complexes (Bucium–Roșia Montană,
Zarand, Zlatna, Brad and Baia de Arieș), (b) the southern volcanic–intrusive complexes (Hărța ̆gani–Săcărâmb, Deva and Uroi), (c) Cretaceous lava flows
and (d) the Bozeș sedimentary formation (Bălc and Zaharia 2013) and metamorphic (gneisses, mica schists, metagranites and metadiorites) and igneous
rocks (granites; Balintoni et al. 2010; Balintoni et al. 2014) from the Apuseni Mountains.
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and Necula, C. 2013. 40Ar/39Ar chronology and paleomagnetism of
Quaternary basaltic lavas from the Persa̧ni Mountains (East Carpathians).
Physics of the Earth and Planetary Interiors, 221, 1–14, https://doi.org/10.
1016/j.pepi.2013.06.007

Paraschiv, D. 1978. Considerati̧i asupra poziti̧ei stratigrafice si̧ vârstei unor
magmatite efuzive din Platforma Moesica ̆. Studii si̧ cercetări de Geologie,
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