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Abstract

The Jurassic ophiolites in the South Apuseni Mountains represent remnants of the
Neotethys Ocean and belong to the East Vardar ophiolites that contain ophiolite fragments as
well as granitoids and volcanics with island-arc affinity. New U-Pb zircon ages, and Sr and Nd
isotope ratios give insights into their tectono-magmatic history. The ophiolite lithologies show
tholeiitic MOR-type affinities, but are occasionally slightly enriched in Th and U, and depleted in
Nb, which indicates that they probably formed in a marginal or back-arc basin. These ophiolites
are associated with calc-alkaline granitoids and volcanics, which show trace element signatures
characteristic for subduction-enrichment (high LILE, low HFSE). Low 87Sr/86Sr ratios (0.703836-
0.704550) and high 143Nd/144Nd ratios (0.512599-0.512616) of the calc-alkaline series overlap
with the ratios measured in the ophiolitic rocks (0.703863-0.704303 and 0.512496-0.512673),
and hence show no contamination with continental crust. This excludes a collisional to post-
collisional origin of the granitoids and is consistent with the previously proposed intra-oceanic
island arc setting. The new U-Pb ages of the ophiolite lithologies (158.9-155.9 Ma, Oxfordian to
Early Kimmeridgian) and granitoids (158.6-152.9 Ma, latest Oxfordian to Late Kimmeridgian)
indicate that the two distinct magmatic series evolved within a narrow time range. It is proposed
that the ophiolites and island arc granitoids formed above a long-lived NE-dipping subduction
zone. A sudden flip in subduction polarity led to collision between island arc and continental
margin, immediately followed by obduction of the ophiolites and granitoids on top of the
continental margin of the Dacia Mega-Unit. Since the granitoids lack crustal input, they must
have intruded the Apuseni ophiolites before both magmatic sequences were obducted onto the
continental margin. The age of the youngest granitoid (~153 Ma, Late Kimmeridgian) yields an
estimate for the maximum age of emplacement of the South Apuseni ophiolites and associated
granitoids onto the Dacia Mega-Unit.

1. Introduction

Understanding opening and closure of the Neotethys Ocean is essential for unraveling the
Mesozoic tectonic evolution of the Carpathian-Dinaride-Balkan orogen. The northern branch of
Neotethys opened in Triassic times and formerly divided the European continental margin from
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the Adriatic microplate that only temporarily was attached to the African plate (e.g. Schmid et al.
2008; Handy et al. 2010). Convergence between the European and the Adriatic microplate,
which presently is still going on, led to closure of the Neotethys Ocean during several stages in
the Mesozoic. Remnants of the Neotethys Ocean are therefore preserved in different tectonic
positions, which previously led workers to distinguish several ocean basins in the Carpathian-
Dinaride-Balkan orogen (e.g. Csontos and Vorés 2004; Robertson et al. 2009). Here, we adopt
the “one-ocean” concept that was first formulated by Bernoulli and Laubscher (1972) and more
recently revived by others (e.g. Bortolotti and Principi 2005; Schmid et al. 2008).

According to the "one-ocean” concept, the three different types of ophiolitic units occurring
between the Carpathian-Balkan and Dinaride orogens are sourced in the same long-lived
Neotethys Ocean. The Sava zone (sensu Schmid et al. 2008) is the only real suture zone and is
related to the final closure of the Neotethys Ocean in this region at the end of the Cretaceous
(Karamata 2006; Ustaszewski et al. 2010) (Fig. 1). The large sheets of ophiolites preserved to the
east and west of this suture zone (the East Vardar ophiolites and West Vardar ophiolites sensu
Schmid et al. 2008, Fig. 1) lie on top of continental units. Although still disputed, many authors
agree now that the East and West Vardar ophiolites were obducted onto the continental units
during Late Jurassic to Early Cretaceous times (Pamic¢ et al. 2002; Karamata 2006; Schmid et al.
2008; Hoeck et al. 2009; Ionescu et al. 2009; Kounov and Schmid 2013).
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Figure 1: Geological map of the Alpine-Carpathian-Dinaride orogen (modified from Schmid et al. 2008). The red lines
denote the suture zones of the Alpine Tethys and Neotethys Oceans. The black line surrounds the outcropping pre-
Cenozoic areas of the Apuseni Mountains.

The obducted East Vardar ophiolites form only a narrow strip running east of, and parallel to,
the Sava suture zone through eastern Serbia, Macedonia (former Yugoslav Republic of
Macedonia, FYROM) into Greece where these ophiolites form part of the Circum-Rhodope belt.
East Vardar ophiolites crop out in a larger area in the South Apuseni nappes of the Apuseni
Mountains of Romania (also referred to as Mures ophiolites) and in the subsurface of the
Transylvanian basin (Fig. 1). These South Apuseni-Transylvanian ophiolite nappes overlie the
continental Dacia Mega-Unit (Kounov and Schmid 2013) (Fig. 1) and are believed to consist of
Middle Jurassic ophiolites which comprise mid ocean ridge (MOR)- or back arc (BA)-type basalts
and gabbros, and presumably Late Jurassic granitoids and their volcanic equivalents with an
island arc affinity (Savu et al. 1981; Bortolotti et al. 2002; Nicolae and Saccani 2003; Bortolotti et
al. 2004). So far the ages of the magmatic sequences and the timing of obduction are only loosely

2



constrained based on biostratigraphic ages of associated sediments, unreliable K-Ar ages, and
scarce Re-Os ages of molybdenite veins occurring in the granitoids (Nicolae et al. 1992;
Bortolotti et al. 2004; Zimmerman et al. 2008). Hence, more reliable geochronological
constraints are necessary to refine the magmatic and tectonic evolution of ophiolites and
associated granitoids and the timing of obduction of the South Apuseni-Transylvanian nappes.

So far the distinction between Mid Ocean Ridge (MOR) or Backarc (BA) basalts and gabbros
(thereafter referred to as “ophiolites”) and island arc series (thereafter referred to as
“granitoids”, which is loosely applied to a range of intermediate to felsic plutonic rocks and
equivalent subvolcanics and volcanics) in the South Apuseni nappes is based on detailed
petrographic observations and geochemistry (Nicolae and Saccani 2003; Bortolotti et al. 2004).
However, radiogenic isotope ratios, which would give additional insights into the source of the
two magmatic series, are not available for the South Apuseni nappes. Radiogenic isotope ratios
have been used to detect crustal assimilation in granitoids from other parts of the East Vardar
ophiolites, and led to a fundamentally different interpretation of the tectonic setting of some of
the alleged island arc granitoids (Sari¢ et al. 2009). Sari¢ et al. (2009) attributed high 87Sr/86Sr
and low 143Nd/144Nd ratios found in some granitoids to assimilation of continental crust, which
supposedly occurred in a post-collisional setting rather than in an intra-oceanic island arc.
Hence, Sr and Nd isotope analyses of the granitoids in the Apuseni Mountains are useful in
fingerprinting different geochemical reservoirs, potentially located in the mantle or the
continental crust, and will contribute to identifying the tectonic setting.

Here, we present new U-Pb zircon ages for the Apuseni ophiolites and associated
granitoids. We obtained whole rock major and trace element data, and Sr and Nd isotope ratios
of the same samples and combine our geochemical data with a previously published dataset
(Bortolotti et al. 2004). We discuss the tectonic significance of the geochemical data and the new
U-Pb ages, and refine existing geodynamic models (Bortolotti et al. 2002; Ionescu et al. 2009;
Kounov and Schmid 2013) regarding the obduction of the South Apuseni-Transylvanian nappes.

2. Geological Setting of the Apuseni Mountains

The Apuseni Mountains form a mountainous area inside the arcuate Carpathian orogen. They
are bordered to the east by the Late Cretaceous to Cenozoic Transylvanian basin and to the west
by the Cenozoic Pannonian basin (Fig. 1). Geotectonically, the Apuseni Mountains are located at
the contact between the continental Tisza and Dacia Mega-Units. At the southern and eastern
rim of the Apuseni Mountains the South Apuseni nappes comprising the East Vardar ophiolites
overlie the Dacia Mega-Unit (e.g. Csontos and Voérds 2004; Schmid et al. 2008). All tectonic units
are unconformably covered by Late Cretaceous post-tectonic sediments (Gosau-type sediments;
Schuller et al. 2009), and intruded by Late Cretaceous and Miocene calc-alkaline igneous suites
(e.g. Berza et al. 1998; Rosu et al. 2004; Seghedi et al. 2004) (Fig. 2).

The continental Tisza and Dacia Mega-Units comprise poly-phase (Variscan and Alpine)
metamorphic basement and sedimentary cover nappes, which split off from Europe during the
opening of the Alpine Tethys and hence partly show European faunal affinity (Csontos and Vords
2004; Haas and Pero 2004; Iancu et al. 2005). The lowermost Bihor and Codru nappe systems in
the NW are ascribed to the Tisza Mega-Unit (e.g. Csontos and Vords 2004) and consist of partly
Neoproterozoic basement intruded by Paleozoic granites, and Late Paleozoic to Mesozoic cover
sediments (Pana et al. 2002; Balintoni et al. 2009; Balintoni et al. 2010). The uppermost Biharia
nappe system, previously regarded as an integral part of the Tisza Mega-Unit (e.g. Csontos and
Voros 2004), is now assigned to the Dacia Mega-Unit (Schmid et al. 2008). This is, for example,
based on the observation that the East Vardar ophiolites south of the Apuseni Mountains always
overlie nappes of the Dacia Mega-Unit (see Schmid et al. 2008 for further details). The Biharia
nappe system is composed of polymetamorphic Variscan basement (Dallmeyer et al. 1999) and
post-Variscan to Mesozoic metasediments (Csontos and Voros 2004). Parts of the Biharia nappe
were buried and metamorphosed during the Early Cretaceous (e.g. Dallmeyer et al. 1999).
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Figure 2: Geological map of the Apuseni Mountains, redrawn from published geological maps of the Geological
Institute of Romania (scale 1:200000), and modified after Balintoni (1994) and Kounov and Schmid (2013).

The East Vardar ophiolites, known as the South Apuseni nappes in the Apuseni Mountains,
overlie the Biharia nappe system (e.g. Savu 1996; Zacher and Lupu 1999; Bortolotti et al. 2004;
Schmid et al. 2008; Kounov and Schmid 2013). In this contribution we use the term South
Apuseni ophiolitic unit for a composite unit that is subdivided into presumably Middle Jurassic
MOR- or BA-type basalts and gabbros (ophiolites) and Late Jurassic granitoids, and their
subvolcanic and volcanic equivalents (granitoids, sensu lato) that probably originated in an
island arc setting (Savu et al. 1981; Bortolotti et al. 2002; Nicolae and Saccani 2003; Bortolotti et
al. 2004). We use the time scale of Cohen et al. (2013) for correlation of radiometric and
stratigraphic data.

In the Mures valley, the ophiolites are strongly dismembered into several tectonic slices, and
according to Bortolotti et al. (2002) the MOR-type ophiolite sequence is ~2000 m thick. From
bottom to top, the sequence comprises an intrusive section of layered and isotropic gabbros and
rare ultramafic cumulates, which are followed upwards by a sheeted dyke complex, and an
extensive volcanic sequence that includes flows and pillow-lava basalts (Bortolotti et al. 2002).
The age of the ophiolites is poorly constrained by a wide spread of K-Ar whole rock ages (~168-
139 Ma) (Nicolae et al. 1992) and Callovian to Oxfordian (~166-157 Ma) radiolarites deposited
on top of the ophiolites (Lupu et al. 1995).



The ophiolites are intruded by granitoid bodies (mainly granites and granodiorites,
subordinately diorites) and overlain by massive lava flows with island arc affinities ranging in
composition from basalts to rhyolites (Nicolae and Saccani 2003; Bortolotti et al. 2004). Two Re-
Os ages (159.1 = 0.5 and 159.8 + 0.7 Ma) (Zimmerman et al. 2008) have been obtained from
molybdenite associated with granitoids in the Mures valley. According to published geological
maps (1:50000) of the Geological Institute of Romania, the volcanic cover with island arc
affinities is supposedly older than the granitoids. Late Jurassic (Kimmeridgian-Tithonian, ~157-
145 Ma) to Early Cretaceous shallow water limestones (Bortolotti et al. 2002; Serban et al. 2004)
and Early Cretaceous flysch overlie the ophiolites and granitoids in the Mures valley.

The Alpine tectonic evolution started in the Late Jurassic with the tectonic emplacement of the
South Apuseni ophiolitic unit onto the continental Biharia nappe system (Kounov and Schmid
2013). Late Jurassic to Early Cretaceous shallow water carbonates unconformably overlie the
South Apuseni ophiolitic unit as well as the continental basement units in the Trascau mountains
(east of the study area) (Bucur and Sasaran 2005), which implies that obduction must have
occurred before deposition of these carbonates, presumably in the Late Oxfordian (Kounov and
Schmid 2013). According to some authors (e.g. Schmid et al. 2008; Kounov and Schmid 2013)
Late Jurassic obduction was triggered by the closure of the Eastern Vardar branch of Neotethys,
which led to the collision of the continental Tisza and Dacia Mega-Units in the Apuseni
Mountains in the Early Cretaceous and the formation of an ophiolitic suture between these two
Mega-Units. Others (e.g. Csontos and Vords 2004; Reiser et al. 2016) regard the Tisza and Dacia
Mega-Units as a single continental entity at the time of obduction. In a later, “intra-Turonian”
phase (Sandulescu 1984, 1994) that formed the present-day nappe stack in the Apuseni
Mountains, the Dacia Mega-Unit and overlying ophiolitic unit were thrust over the Tisza Mega-
Unit. The entire Apuseni nappe stack underwent substantial clockwise rotation (~90°) in the
Cenozoic (Pdtrascu et al. 1990; Pdtrascu et al. 1994; Marton et al. 2007), when it moved around
the Moesian platform and invaded the still open Carpathian embayment (e.g. Fiigenschuh and
Schmid 2005; Ustaszewski et al. 2008).

3. Methods

Fused glass beads of rock powder mixed with Lithium-Tetraborate (1:5) were analysed for
major element oxides by x-ray fluorescence (XRF) using an Axios PANalytical WD-XRF
spectrometer at ETH Ziirich. Trace elements and rare earth elements were determined on
freshly broken surfaces of the same glass beads by laser-ablation inductively-coupled-plasma
mass spectrometry (LA-ICP-MS). Strontium and Neodymium isotopes were analysed on 50 to 70
mg whole rock powder digested in HF and HNOs. Sr and Nd were subsequently separated by ion-
exchange chromatography in columns with SrSpec, TRUSpec and LnSpec Eichrom resins (Pin et
al. 1994). Strontium was loaded onto outgassed Re single filaments with HNO3 and Ta emitter,
whereas the Nd fraction was loaded onto double filaments with 2N HCL. Both were analysed with
a Thermo Scientific TritonPlus mass spectrometer at ETH Ziirich. Repeated measurements of
NBS 987 and JNd-i yielded a mean 87Sr/86Sr ratio of 0.710234 + 0.000004 and a mean
143Nd /144Nd ratio of 0.512100 + 0.000003 (20m), respectively.

Following standard zircon separation, the zircons were pre-treated by chemical abrasion to
remove those domains of zircon grains that have lost Pb (Mattinson 2005). The abraded zircons
were mounted in epoxy resin and polished to expose the grain centers. Cathodoluminescence
(CL) pictures were taken to resolve inherited cores and freshly grown rims of single zircon
grains using a FEI Quanta 200 FEG at the Scientific Center for Optical and Electron Microscopy at
ETH Zirich [www.scopem.ethz.ch]. In-situ laser-ablation inductively-coupled-plasma mass
spectrometry (LA-ICP-MS) was performed with an Element-XR SF-ICP-MS (Thermo Fisher,
Bremen, Germany) coupled to an 193 nm Excimer laser (Resonetics Resolution S155-LR). The
Excimer laser was operated at 5 Hz with a spot size of 30 um (detailed setup in von Quadt et al.
2014). Blocks of several 100 analyses were run including a minimum of 15 analyses of the
primary standard zircon GJ-1. Secondary standard zircons Plesovice, 91500 and Temora were
analysed for data quality control. No common lead correction was performed on the data
5



acquired with this system owing to low count rates of 204Pb. The obtained raw data was
imported into lolite (Paton et al. 2010; Paton et al. 2011) and reduced and corrected for
downhole fractionation using the VizualAge data reduction scheme (Petrus and Kamber 2012).
The software Isoplot 3.75 (Ludwig 2012) was used to prepare Concordia diagrams and calculate
weighted average ages (Online Resource 1). We report weighted average 2°6Pb/238U ages and
total uncertainty of the ages comprising internal and propagated external errors (Tab. 3). The
total uncertainty of the ages is at 2o level and is calculated by adding the uncertainties of the
decay constant, of the age of the primary standard, of the corrections and of the initial common
Pb quadratically to the weighted mean error [total uncertainty= sqrt(weighted mean
error”2+total external errors”2)] (Gehrels et al. 2008). LA-ICP-MS single zircon dates for the
Banat and Apuseni segments are reported in Online Resource 2.

4. Results

Our geochemical dataset of the Jurassic South Apuseni ophiolites and associated granitoids is
supplemented with geochemical data previously published by Bortolotti et al. (2004) in order to
show differences between the Jurassic MOR- or BA-type ophiolite lithologies and the granitoids
and subvolcanic and volcanic equivalents with an island arc affinity. Additionally, we present Sr
and Nd isotope ratios for the ophiolitic rocks and the granitoids. Mean 206Pb /238U ages were
obtained by in-situ LA-ICP-MS dating of zircons from the ophiolite lithologies and granitoids.
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Figure 3: Geological map of the South Apuseni ophiolitic unit in the Mures valley, redrawn from published geological
maps of the Geological Institute of Romania (scale 1:50000) (Savu et al. 19794, b, c; Lupu et al. 1986; Savu et al. 1991).
Purple stars and numbers indicate sample location and mean 206Pb /238U ages of granitoids, green stars and numbers
indicate sample location and mean 206Pb /238U ages of gabbros from the ophiolites.

Sampling, Field Observations and Petrography

For this study, the western occurrences of the South Apuseni ophiolites and granitoids in the
Mures valley were sampled (Figs. 2 and 3). In the South Apuseni ophiolites the intrusive section
(Bortolotti et al. 2002, 2004) was sampled. This section contains layered and isotropic gabbros
(samples DG064, DG068, DG082), occasionally also microgabbros do occur. Apart from one
basalt with columnar jointing, the sheeted dykes, massive and pillow-lava basalts were not
sampled due to the smaller chance of finding zircons in mafic volcanics. The gabbros have a
coarse crystalline texture and consist of twinned plagioclase and interstitial to hypidiomorphic
clinopyroxene, which is partially replaced by chlorite and opaque phases (Fig. 4a). Two dioritic
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samples (DG063, DGO66) consist of plagioclase, chlorite and amphibole, which are probably both
secondary phases replacing primary pyroxenes, and accessory apatite and opaques. There are
three major granitoid bodies intruding the ophiolites, the Savarsin (sample DG062, DG065),
Cerbia (DG069, DG072) and Cazanesti bodies (Fig. 3). They mainly consist of granites and
granodiorites, and the marginal zones are sometimes made up of quartz-diorites. Additionally,
felsic volcanics regarded to be equivalents of the granitoids occur west of the Savarsin intrusive
body on top of the ophiolites, and we sampled a dyke-like porphyritic rhyolite (DG067). A
subvolcanic andesite (DG081) was sampled close to Birtin (WGS84 Decimal Degrees 46.15100
22.62997). The granites to granodiorites have equigranular to porphyritic textures and consist
of plagioclase, which partly occurs as large phenocrysts, and alkali-feldspar and quartz, which
frequently show granophyric intergrowths (Fig. 4b). Biotite and occasionally green amphibole
are the dominant mafic phases and are partially replaced by secondary chlorite. Apatite and
opaques are common accessory phases.

Figure 4: Textures of ophiolitic rocks and associated granitoids. (a) Coarse crystalline gabbro (DG064) consisting of
plagioclase and clinopyroxene, which is partially replaced by chlorite. Photomicrograph was taken under plane
polarized light. (b) Granite (DG072) showing granophyric intergrowth of K-feldspar and quartz. Photomicrograph was
taken under crossed polarizers. bt: biotite, chl: chlorite, cpx: clinopyroxene, k-fsp: alkali-feldspar, plag: plagioclase,
qtz: quartz.
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Figure 5: FeOt/MgO versus SiO: classification diagram after Miyashiro (1974). Apuseni ophiolite lithologies and
associated granitoids are plotted for comparison (including data from Bortolotti et al. 2004).



Major and Trace Element Characteristics

The major and trace element whole rock characteristics are reported in Table 1 and generally
show differences between ophiolite lithologies and associated granitoids and igneous rocks with
an island arc affinity. On Miyashiro’s (1974) discrimination plot of FeOt/MgO versus SiO; the
granitoids and their subvolcanic and volcanic equivalents plot in the calc-alkaline field, whereas
most ophiolitic rocks plot in the tholeiitic field due to their higher FeOt contents (Fig. 5). In
major element variation plots (Fig. 6), the granitoids and igneous rocks of the calc-alkaline series
show a decrease of MgO, Al,03 and CaO with increasing SiO». Na;0 and P»0s initially increase and
then decrease with increasing SiO,, whereas Al,03 is constant until 60 wt% SiO, and decreases at
higher SiO; contents. The ophiolite lithologies generally have lower SiO; contents, lower Al;O3
and K;0 contents, and higher CaO and MgO contents compared to the granitoids and their
volcanic equivalents. Na;O and P,0s contents increase with increasing SiO; to partly higher
values than observed in the granitoids and volcanic equivalents. The granitoids and igneous
rocks of the calc-alkaline series and the tholeiitic ophiolitic rocks are clearly distinct in the TiO»
and FeOt versus Mg-number plots (Fig. 6). The ophiolitic rocks trend towards high TiO; and FeOt
contents with decreasing Mg-number, whereas TiO; and FeOt contents decrease with decreasing
Mg-number in the calc-alkaline series.

Chondrite normalized rare earth element (REE) plots (Fig. 7a) show an elevation of light REE
(LREE), relatively flat heavy REE and no or slightly negative Eu anomalies (Eu/Eu*=0.6 to 1.0) in
the calc-alkaline granitoids. By contrast, the normalized patterns of rocks from the ophiolites are
flat and LREE are slightly depleted or have the same abundance as HREE (Fig. 7b). In N-MORB
(normal mid ocean ridge basalt) normalized trace element plots, the calc-alkaline series shows
an enrichment in large ion lithophile elements (LILE, e.g. Ba, K, Pb) and depletions in high field
strength elements (HFSE, e.g. Nb, Ta, Ti) (Fig. 7c). The ophiolitic rocks generally have lower trace
element contents. Their LILE contents are generally low, but Th and U are slightly enriched, and
the ophiolitic rocks lack a depletion in Ti (Fig. 7d).

Sr and Nd isotopes

The initial Sr and Nd isotope ratios of the Jurassic ophiolitic rocks and granitoids from the South
Apuseni ophiolitic unit partly overlap (Tab. 2, Fig. 8). The granitoids have a range of age
corrected 87Sr/86Sr ratios from 0.703836 to 0.704550, and the 143Nd/144Nd ratios vary only little
from 0.512599-0.512616. The gabbros from the ophiolites have 87Sr/86Sr; ratios (0.703863-
0.704303) similar to the granitoids, but their 143Nd/!44Nd; ratios have a wider spread from
0.512496-0.512673 (Fig. 8). Rocks from the ophiolites and associated granitoids have less
radiogenic Nd isotope ratios than present-day mid ocean ridge basalt (MORB)-type mantle
(Stracke et al. 2005). The gabbros have initial 143Nd/144Nd ratios similar to those of samples from
the Jurassic Demir Kapija (Macedonia, FYROM) and Greek ophiolites (Zachariadis 2007; Koglin
et al. 2009; Bozovi¢ et al. 2013). The granitoids from the South Apuseni ophiolitic unit overlap
with their isotopic composition with that of the andesitic and adakite-like volcanic rocks from
FYROM (Bozovic et al. 2013). The Fanos granite (northern Greece) has slightly higher 87Sr/86Sr;
and lower 143Nd/144Nd; ratios than the South Apuseni granitoids (Anders et al. 2005; Sari¢ et al.
2009). Granitoids from Serbia and FYROM, in contrast, have distinctly higher 87Sr/86Sr ratios and
lower 143Nd/144Nd ratios (Sari¢ et al. 2009).



Table 1: Whole rock major (wt%) and trace element (ppm) geochemistry of Apuseni ophiolitic rocks and associated
granitoids analysed in this study.

Sample DG062 DG063 DG064 DGO65 DGO66 DGO67 DG068 DG072  DGO081 DG082

Rock type grd diorite gabbro granite basalt rhyolite  gabbro granite andesite gabbro
Cazanest

locality Savargin  Savarsin  Savarsin  Savarsin  Savarsin  Savarsin  Cerbia Cerbia Birtin i

46.0448 46.0448 46.0286 46.0268 46.0268 46.0627 46.0367 46.0554 46.1510
Latitude 6 6 4 8 8 7 0 3 0 46.15680
22.2760 222760 22.2672 22.2651 22.2651 22.2411 224464 22.4623 22.6299

Longitude 0 0 8 0 0 3 5 0 7 22.47152

Igneous suite  1AG oph oph IAG oph IAG oph IAG IAG oph

U-Pb mean 158.6 155.9 157.7 155.0 158.9 152.9

age Ma Ma Ma Ma Ma Ma 158.2 Ma

SiO; 70.35 56.36 48.37 74.25 50.14 72.25 51.32 76.33 59.26 54.85

TiO, 0.41 0.66 0.57 0.20 1.16 0.26 0.35 0.14 0.60 2.95

AlLO3 14.82 16.89 18.93 13.49 15.19 14.19 16.30 12.71 17.11 15.61

FezOs 3.17 6.30 6.64 1.48 10.87 1.95 6.58 0.78 3.42 2.94

MnO 0.08 0.15 0.16 0.04 0.21 0.06 0.16 0.01 0.05 0.11

MgO 0.92 5.36 7.44 0.26 7.60 0.42 8.60 0.03 1.54 4.81

Ca0 2.55 7.75 14.20 0.96 10.78 0.68 12.38 0.56 4.88 9.63

Na,O 3.81 3.71 1.67 3.78 3.06 4.00 2.80 3.24 6.53 5.47

K0 2.70 0.68 0.20 4.85 0.35 5.11 0.16 4.93 1.32 0.56

P20s 0.13 0.19 0.04 0.04 0.10 0.07 0.02 0.03 0.28 0.04

LOI 1.28 1.81 1.99 0.49 0.88 0.92 1.42 0.68 4.93 3.02

Sum 100.21 99.87 100.21 99.84 100.33 99.91 100.08 99.45 99.91 100.01

Sc 10.6 22.2 36.3 2.6 42.2 2.2 38.7 9.3 20.4

\Y 55.6 134.4 189.7 13.2 275.9 24.7 144.5 9.1 86.8 221.9

Cr 192.1 240.2 124.5 142.0 18.6 141.3

Co 9.0 21.0 22.7 7.8 414 6.9 37.0 5.6 8.5 8.8

Ni 57.6 54.5 22.5 48.5 15.5

Ga 12.8 11.6 11.6 12.6 13.3 125 9.7 11.6 11.0 14.4

Rb 70.6 11.8 6.3 154.4 8.4 131.1 5.8 119.2 20.4 7.4

Sr 320.5 363.1 370.3 176.9 145.7 167.7 214.3 143.8 573.3 258.2

Y 231 16.2 11.5 17.7 26.3 15.7 10.5 13.7 22.6 78.0

Zr 1741 68.6 36.8 148.8 63.0 175.2 16.9 93.6 192.1 76.6

Nb 4.5 21 1.0 17.3 1.1 16.3 0.2 12.8 71 10.0

Cs 0.3 0.4 0.2 0.9 0.1 0.4 0.7 0.9 0.5 24

Ba 552.1 75.0 23.5 581.8 411 958.8 221 1086.5 329.1 60.3

La 253 12.0 45 49.7 3.6 60.6 0.8 35.5 43.7 24.3

Ce 50.4 25.8 11.4 77.4 8.9 95.9 2.4 58.8 75.4 82.2

Pr 5.8 3.1 1.7 7.1 1.5 8.5 0.4 6.4 8.9 121

Nd 215 14.0 6.9 23.5 8.0 27.4 2.6 18.8 31.8 56.9

Sm 4.8 3.3 22 4.2 3.0 3.7 1.0 3.2 5.8 141

Eu 1.2 1.1 0.7 0.7 1.0 0.7 0.4 0.6 1.7 25

Gd 3.8 3.3 23 3.0 3.7 3.2 1.4 2.8 4.9 15.1

Tb 0.6 0.5 0.3 0.5 0.7 0.5 0.2 0.5 0.7 2.4

Dy 3.7 2.9 1.9 2.8 4.2 2.9 1.9 2.6 4.2 15.1

Ho 0.8 0.6 0.3 0.7 0.9 0.6 0.4 0.6 0.8 3.1

Er 3.3 2.0 1.4 1.2 3.2 1.9 1.4 1.7 2.1 9.2

Tm 0.6 0.3 0.2 0.4 0.4 0.2 0.4 0.3 1.2

Yb 3.7 1.4 1.0 3.2 2.8 2.2 1.3 22 22 8.0

Lu 0.5 0.2 0.1 0.5 0.4 0.4 0.2 0.3 0.3 1.1

Hf 5.0 1.7 1.1 4.6 22 4.7 0.6 3.8 4.6 23

Ta 0.3 0.2 0.1 1.3 0.1 1.1 0.1 0.9 0.4 0.5

Pb 1.5 1.5 1.6 5.6 2.0 6.9 1.6 7.8 11.4 0.4

Th 8.1 3.6 1.0 421 0.3 35.8 0.1 271 13.0 4.5

U 23 0.7 0.5 9.4 0.1 4.6 0.1 4.4 3.5 0.9
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Figure 6: Variation diagrams for major element oxides. (a) and (b) TiOz and FeOt versus Mg#. (c)-(h) MgO, Alz03, Ca0,
K20, Naz0 and P20s versus SiO2. Apuseni ophiolite lithologies and associated granitoids from this study and from
literature (Bortolotti et al. 2004) are plotted in the same diagrams.
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Figure 7: Trace element characteristics of the Apuseni ophiolite lithologies and associated granitoids. (a) and (b)
Chondrite normalized rare earth element (REE) patterns. (c) and (d) N-MORB normalized trace element patterns.
Gray bands indicate the range of data from Bortolotti et al. (2004). Normalization values are from Sun and
McDonough (1989).
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Figure 8: Initial Sr and Nd isotope ratios for the Apuseni ophiolite lithologies and associated granitoids from the
South Apuseni ophiolitic unit. The isotope ratios were age corrected for 155 Ma using the whole rock Sr, Rb, Sm and
Nd concentrations. Field for present-day MORB is from Stracke et al. (2005); data for Greek ophiolitic rocks
(Samothraki, Oraeokastro, Thessaloniki, Guevgueli, Sithonia and Kassandra) are from Zachariadis (2007) and Koglin
et al. (2009); fields of Jurassic ophiolitic rocks and andesitic and ‘adakite-like’ volcanic rocks from FYROM (former
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Yugoslavian Republic of Macedonia) from BoZovi¢ et al. (2013); high 87Sr/8¢6Sr granitoids from FYROM, fields for the
Fanos granite and Mikro Dassos rhyolite (northern Greece), and low and high 87Sr/86Sr granitoids from Serbia are
from Sari¢ et al. (2009) and Anders et al. (2005).

Table 2: Sr and Nd isotopic data of Apuseni ophiolitic rocks and associated granitoids.

Rb Sr Sm

Sample foom]  [poml] SRb/sr 8sr/®sr 20 ¥Sr/%Srssma FFIJC:)m] oo “Sm/™Nd - "*Nd/"Nd 20 "™Nd/"™Ndissma €Ndissma  €Ndouta
DG062 70.6 3205 0.6200 0705206 + 6 0.703836 215 48 0.1395 0512755 + 4  0.512614 3.4 2.3
DG063 11.8 363.1  0.0900 0.704091 + 9 0.703889  14.0 3.3 0.1470 0512645 + 16  0.512496 1.1 0.1
DG064 6.3 370.3  0.0500 0.703969 + 16 0.703863 6.9 2.2 0.1972 0512781 + 7  0.512581 2.8 2.8
DG067 131.1 167.7 22100 0.708983 + 16 0.704121  27.4 3.7 0.0849 0.512685 + 0.512599 3.1 0.9
DG068 58 2143  0.0800 0704242 + 8 0.704074 2.6 1.0 0.2417 0.512851 + 18  0.512606 3.3 4.2
DG072 119.2 143.8 23400 0.709569 + 11 0.704414  18.8 3.2 0.1070 0512724 + 6 0512615 35 1.7
DG081 20.4 573.3 0.1000 0.704771 = 40 0.704550  31.8 5.8 0.1143 0.512732 + 0.512616 35 1.8
DG082 7.4 2582 0.0800 0.704481 + 18 0.704303 56.9  14.1 0.1554 0512831 + 6  0.512673 4.6 3.8

In situ U-Pb LA-ICP-MS zircon dating

In order to improve the temporal evolution of the magmatic sequence of ophiolites and
associated granitoids we dated 4 ophiolites and 5 associated granitoids (Tab. 3). A gabbro
(DG064) and a diorite (DG063) that are part of the ophiolites, sampled close to the Savarsin
granitoid body (Fig. 3), yielded mean 206Pb /238 ages of 157.7 + 2.57 Ma (total age uncertainty
comprising internal and external errors, 2o level) and 155.9 + 2.54 Ma, respectively. A gabbro
(DG068) from the Cerbia area and another gabbro (DG082) from the ophiolites that occurs in
association with the Cazanesti granitoid (Fig. 3) have mean 206Pb /238U ages of 158.9 + 2.75 Ma
and 158.2 + 2.54 Ma, respectively. Hence the mean ages obtained from the ophiolites vary
between 158.9 and 155.9 Ma (Tab. 3, Fig. 9).

Table 3: 206Pb /238U ages of Apuseni ophiolitic rocks and associated granitoids and volcanic equivalents. 206Pb /238U
ages are weighted average ages calculated with Isoplot 3.75 (Ludwig 2012). The total uncertainty of the ages is at 2o
level and comprises internal and propagated external errors. N number of zircons of the sample analysed; N* number
of zircons used for the age calculation.

Sample Rock Type Igneous suite Locality 206Pb /238U Age 200 N N* MSWD
DGO063 diorite ophiolite Savarsin 1559 + 254 47 39 1.3
DGO064 gabbro ophiolite Savarsin 157.7 + 257 50 38 1.3
DG082 gabbro ophiolite Cazanesti 158.2 + 254 46 41 1.1
DGO068 gabbro ophiolite Cerbia 158.9 + 275 24 19 1.5
DG072 granite IAG Cerbia 152.9 + 249 34 25 1.1
DG081 andesite IAG Birtin 154.5 + 250 45 35 1.2
DG062 granodiorite IAG Savarsin 158.6 + 252 41 25 2.3
DGO067 rhyolite IAG Savarsin 155.0 + 249 50 20 3.3
DG069 granodiorite IAG Cerbia 154.8 + 247 46 21 3.5

The dated granitoids and volcanic equivalents have a tendency to be younger than the ophiolites,
except for a granodiorite from the Savarsin body (DG062) that yielded a mean 206Pb /238U age of
158.6 + 2.52 Ma. A rhyolite sample (DG067) from the volcanic cover overlying the ophiolites
located near the Savarsin body yielded a mean 206Pb /238 age of 155.0 + 2.49 Ma (Fig. 3). Two
granitoids from the Cerbia body (DG069, DG072) have mean 206Pb /238U ages of 154.8 + 2.47 and
152.9 + 2.49 Ma, respectively. An andesite sampled east of Cazanesti (DG081, Fig. 3) is 154.5 +
2.50 Ma old. In summary, the mean ages of the granitoids range from 158.6 to 152.9 Ma (Tab. 3,
Fig. 9).
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Figure 9: Mean 206Pb/238U ages of ophiolites (blue error bars) and associated granitoids and their volcanic
equivalents (red error bars) of the East Vardar ophiolites between Greece and Romania (chronostratigraphy after
Cohen et al. 2013). The data is sorted geographically from north to south. 206Pb/238U ages for the South Apuseni
ophiolites and the Savarsin, Cerbia and Cazanesti granitoids and one rhyolite are from this study. U-Pb ages of the
Sithonia, Metamorphosis, Guevgueli and Thessaloniki ophiolites (Greece) are from Zachariadis (2007) and Bonev et al.
(2015). U-Pb ages of the Samothraki and Evros ophiolites (Greece) are from Koglin et al. (2007; 2009). U-Pb age of the
Demir Kapija ophiolite (FYROM) and Ar-Ar Fsp age of a calc-alkaline rock associated with the Demir Kapija ophiolite
are from (BoZovic et al. 2013). Re-Os ages for the Cerbia and Savarsin granitoids are from Zimmerman et al. (2008). U-
Pb ages of the Fanos granite and the Mikro Dassos rhyolite (Greece) are from Anders et al. (2005), that of the
Monopigadon granite (Greece) is from Meinhold et al. (2009). U-Pb age for the Chortiatis diorite (Greece) is from
Zachariadis (2007), and that of the Gerakini diorite, interpreted to belong to ophiolites although enclosed within the
Chortiatis island-arc suite, is from Bonev et al. (2015). A maximum age of obduction (~153 Ma) of the South Apuseni
ophiolitic unit can be inferred from the youngest calc-alkaline intrusive body (sample DG072). Note that the errors
reported for literature data are standard-errors-of-the-mean, whereas the errors calculated for the Apuseni ophiolitic
rocks and granitoids also include systematic external errors. This leads to seemingly larger errors of samples from
this study.

5. Discussion

We now discuss the tectonic implications of the geochemical and geochronological data and
compare them with data obtained from the remainder of the East Vardar ophiolites located
further to the south. In accordance with previous studies addressing the East Vardar ophiolites,
we use geochemical data to show that the ophiolites and granitoids and volcanic equivalents
with an island arc affinity are genetically unrelated, and we will revisit the tectonic setting of the
granitoids and their volcanic equivalents. The new age constraints provide valuable information
about the age of ophiolite and granitoid formation in the Apuseni Mountains. They will also be
used to refine existing geodynamic models (e.g. Bortolotti et al. 2002; Ionescu et al. 2009)
regarding the emplacement of the East Vardar ophiolites in general on top of the continental
Dacia Mega-Unit.

Tectonic Significance of the Geochemical Data

The geochemical characteristics show distinct differentiation trends for the BA- or MOR-type
ophiolitic rocks on the one hand, and for the granitoids and volcanic equivalents with an island
arc affinity on the other hand. The major element trends observed in the ophiolite lithologies
and granitoids (Fig. 6), particularly the differences in the TiO, and FeOt evolution with
increasing differentiation (Bortolotti et al. 2004), indicate that they were not derived by
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fractionation from the same parental magma. Moreover, the elevated KO contents and
ubiquitous occurrence of potassium feldspar (Fig. 4b) in the granitoids differ from that of
granites formed by magmatic differentiation from tholeiitic parental melts. The ophiolitic rocks
follow a tholeiitic trend with high FeOt/MgO ratios (Fig. 5), whereas most granitoids and their
volcanic equivalents are depleted in FeOt, which is generally characteristic for calc-alkaline
suites that experienced early crystallization and removal of Fe-Ti oxides (Miyashiro 1974).

The ophiolite lithologies characterized by relatively flat REE patterns (Fig. 7b) similar to modern
mid ocean ridge basalts, but occasionally has slightly elevated LILE (Th and U) and a Nb
depletion, which are both more typical for supra-subduction zone ophiolites (e.g. Dilek and
Furnes 2011). The slightly steeper REE pattern of the youngest ophiolitic rock (DG063) might be
explained by its formation towards the end of the tholeiitic MOR stage. In contrast to the
ophiolitic rocks, the calc-alkaline granitoids are enriched in LILE (e.g. Ba, K, Pb) and LREE (La,
Ce) over HREE (Yb, Lu) (Figs. 7a and c). The granitoids also show depletions in HFSE (Nb, Ta)
and pronounced negative Ti-anomalies. These particular trace element patterns are commonly
taken as indicators of a subduction-enriched mantle source (e.g. Hawkesworth et al. 1997;
Woodhead et al. 2001; Elliott 2003), although some of the enrichment observed in the granitoids
might be attributed to magmatic differentiation. However, if the granitoids were formed by
continuous fractional crystallization from tholeiitic melts, their REE patterns would be similar to
those of the ophiolite lithologies, i.e. they would likely be less enriched in LREE (e.g. Floyd et al.
1998; Rollinson 2009). In summary, all this indicates that ophiolitic rocks and granitoids belong
to different magmatic suites. The major and trace element characteristics of the ophiolite
lithologies point to a mid ocean ridge (MOR) setting (Saccani et al. 2001; Bortolotti et al. 2002).
However, this alone is not sufficient to exclude a marginal or back arc basin setting. Our
chemical data show some features of supra-subduction zone ophiolites, which have also been
observed by Ionescu et al. (2009). It is primarily the close temporal and spatial association of
ophiolite lithologies and granitoids which leads to the proposal that the ophiolites probably
formed in a marginal or back arc basin (Dilek and Furnes 2011). The calc-alkaline characteristics
of the granitoids indicate a subduction-related origin (Bortolotti et al. 2002; Nicolae and Saccani
2003).

Nicolae and Saccani (2003) have shown that the observed mineral compositions and whole rock
geochemical trends of the granitoids and their volcanic equivalents could be explained by
closed-system fractional crystallization of a mantle-derived melt, and they therefore have
argued for an island arc origin of the calc-alkaline igneous rocks. However, a crustal contribution
is possible and would have implications for the tectonic setting. Because the major and trace
element composition of continental crust is similar to that of subduction-related rocks (Rudnick
and Gao 2014) crustal contamination can only be reliably detected by radiogenic isotopes, which
have so far not been available for the South Apuseni granitoids. The granitoids and their volcanic
equivalents in the Mures valley are exclusively associated with ophiolites (Bortolotti et al. 2002).
The granitoids intrude and crosscut all levels of the ophiolite sequence, and basaltic to rhyolitic
calc-alkaline flows are deposited on top of the ophiolitic sequence (Bortolotti et al. 2002).
Although no contacts of the calc-alkaline granitoids with the underlying continental Biharia
nappe system are exposed in the Apuseni Mountains, the granitoids might still have cut through
the underlying continental unit in unexposed parts of the contact.

In the southern parts of the East Vardar ophiolites in Serbia, FYROM and Greece, the granitoids
are not only associated with ophiolitic bodies but partly also with continental units, which is
clearly reflected in their high initial 87Sr/86Sr ratios and low initial 143Nd/144Nd ratios (Fig. 8)
(Anders et al. 2005; Sari¢ et al. 2009). These granitoids were not formed in an island arc, but due
to subduction under a continental ribbon or in a collisional to post-collisional setting (Sari¢ et al.
2009). The initial Sr and Nd isotope ratios of the granitoids from the Mures valley, however, do
not indicate any substantial crustal contribution (Fig. 8). The granitoids’ initial 87Sr/86Sr ratios
(0.703836 to 0.704550) and initial 143Nd/144Nd ratios (0.512599 to 0.512616) overlap with the
gabbros from the ophiolitic series in the Apuseni Mountains, Greece and FYROM (Fig. 8).

14



Compared to MORB-type mantle, the Nd isotope ratios of rocks from the East Vardar ophiolites
are less radiogenic, which probably indicates that the mantle source of the East Vardar ophiolite
lithologies was slightly subduction-enriched. The similar isotope ratios of the granitoids and the
ophiolitic rocks might thus be a feature of the subduction-enriched mantle source or,
alternatively, might point to the involvement of oceanic crust in the formation of the granitoids.
Additionally, the Sr and Nd isotope systematics of the granitoids from the Mures valley resemble
Jurassic subduction-related rocks associated with the Demir Kapija ophiolites in Macedonia
(FYROM; Fig. 8; BoZovi¢ et al. 2013). Hence, the Sr and Nd isotope systematics of the South
Apuseni granitoids are consistent with their formation in a subduction-related island arc on
oceanic crust (Bortolotti et al. 2002; Nicolae and Saccani 2003).

Tectonic Significance of the U-Pb Zircon Ages

The new geochronological data from the Apuseni Mountains indicate that the ophiolites and the
island arc granitoids and their subvolcanic and volcanic equivalents formed within a
surprisingly short time interval (Fig. 9, Tab. 3). Mean 206Pb /238U ages obtained for tholeiitic
gabbros from South Apuseni ophiolites range from 159 to 156 Ma (Late Oxfordian-Early
Kimmeridgian). The island arc granitoids (the Savarsin and Cerbia bodies) yielded mean
206Ph /238 ages between 159 and 153 Ma (Late Oxfordian-Late Kimmeridgian), and a rhyolite
and an andesite with island-arc affinities yielded ages of 156 Ma and 154 Ma (Early
Kimmeridgian), respectively. The new U-Pb zircon ages for the Cerbia and Savarsin granitoids
are partly younger than the Re-Os ages (159.1 + 0.5 and 159.8 + 0.7 Ma) of molybdenites
associated with the granitoids reported by Zimmerman et al. (2008), which might be explained
by prolonged crystallization of the calc-alkaline intrusions. The new U-Pb ages of the ophiolites
and the granitoids overlap within error, which implies that back-arc spreading and subduction-
related magmatic activity must have occurred within a narrow time range. Nevertheless, the
granitoids tend to have slightly younger mean ages than rocks from the ophiolites (Fig. 9, Tab.
3).

Radiometric age constraints are also available for ophiolites and associated granitoids in the
Greek and Macedonian (FYROM) parts of the East Vardar ophiolites (Fig. 9, Tab. 4). The mean U-
Pb ages of rocks from the ophiolites range from 172.8 + 1.2 to 158.4 + 1.9 Ma (Koglin et al. 2007;
Zachariadis 2007; Koglin et al. 2009; BoZovic et al. 2013; Bonev et al. 2015). The granitoids and
their volcanic equivalents yielded mean U-Pb ages between 164.0 + 2 and 158 + 1 Ma (Anders et
al. 2005; Zachariadis 2007; Meinhold et al. 2009), and an Ar-Ar feldspar age of 164 + 0.5 Ma
(BoZovic¢ et al. 2013). On the whole, the ophiolites and granitoids from the southern parts of the
East Vardar ophiolites tend to be older than their counterparts in the Apuseni Mountains
although the age ranges overlap. The wide range of radiometric ages of the ophiolite lithologies
(Aalenian to Late Oxfordian) indicates that they did not form simultaneously within the back-arc
basins of the East Vardar branch of Neotethys, but that back-arc spreading shifted from the
southern to the northern parts. Interestingly, the total range of ages obtained for rocks from the
East Vardar ophiolites is almost identical with the age range obtained for the metamorphic soles
in the West Vardar ophiolites (174-157 Ma; Schmid et al. 2008 and references therein) that
formed during intra-oceanic subduction within Neotethys. This, and the lack of ophiolitic rocks
older than Aalenian (~174-170 Ma) in age, supports the concept of back-arc spreading behind
an intra-oceanic subduction zone within the northern branch of Neotethys. This will be
discussed later. Also when considering the entire area of the East Vardar ophiolites the
granitoids have a tendency to be younger than the ophiolitic rocks (Tab. 4). In parts of the Greek
and Macedonian (FYROM) East Vardar ophiolite unit the intrusive contact of granitoids into
ophiolitic rocks is actually visible (e.g. Anders et al. 2005). At all locations the time-lag between
ophiolites and granitoids ranges from ~2.5 (Demir Kapija and Guevgueli) to 10 Ma
(Thessaloniki). The difference may be explained by the slightly different tectonic settings and/or
the different stages at which the granitoids formed. The very small age difference observed in
the case of rocks from the Demir Kapija and Guevgueli ophiolites argues for granitoid formation
in an island arc setting.
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Table 4: Previously published U-Pb, Ar-Ar, and Re-Os ages of East Vardar ophiolites and associated granitoids. Ages
were published in Anders et al. (2005), Zachariadis (2007), Koglin et al. (2007; 2009), Zimmerman et al. (2008),
Meinhold et al. (2009), BoZovi¢ et al. (2013) and Bonev et al. (2015).

Locality Rock type Age 20 Age type  Author

East Vardar ophiolites:

Demir Kapija gabbro 1664 + 1.2 Ma U-Pb Bozovic¢ et al,, 2013
Guevgueli plagiogranite 166.6 + 1.8 Ma U-Pb Zachariadis, 2007
Thessaloniki diorite 169.2 + 14 Ma U-Pb Zachariadis, 2007
Metamorphosis hbl-gabbro 1653 + 2.2 Ma U-Pb Zachariadis, 2007
Gerakini diorite 1728 + 1.2 Ma U-Pb Bonev et al,, 2015
Sithonia gabbro 1584 + 19 Ma U-Pb Bonev et al,, 2015
Sithonia diorite 160.0 + 1.2 Ma U-Pb Zachariadis, 2007
Samothraki gabbro 1599 + 45 Ma U-Pb Koglin et al., 2009
Evros gabbro 169 + 2 Ma U-Pb Koglin et al., 2007
Granitoids including volcanic equivalents associated with East Vardar ophiolites:

Cerbia granite 159.1 + 0.5 Ma Re-Os Zimmerman et al,, 2008
Savarsin granite 1598 + 0.7 Ma Re-Os  Zimmerman etal., 2008
Demir Kapija arc lavas 1640 + 0.5 Ma Ar-Ar BoZovi¢ etal,, 2013
Fanos granite 158 + 1 Ma U-Pb Anders et al., 2005
Mikro Dassos rhyolite 164 + 2 Ma U-Pb Anders et al., 2005
Chortiatis diorite 1591 + 42 Ma U-Pb Zachariadis, 2007
Monopigadon granitoid 159.0 £+ 1.0 Ma U-Pb Meinhold et al., 2009

The timing of obduction of the East Vardar ophiolites that presently overlie the continental Dacia
Mega-Unit is not constrained by direct radiometric dating, and a metamorphic sole has so far not
been detected in the East Vardar ophiolites. In the case of the Apuseni Mountains, the timing of
obduction can only be estimated by using two independent approaches. Firstly, obduction must
have occurred before the deposition of Late Jurassic to Early Cretaceous shallow water
carbonates (Bucur and Sasdran 2005), which unconformably overlie the South Apuseni
ophiolitic unit as well as the continental basement units in their footwall (Kounov and Schmid
2013). The age of deposition of such shallow water limestones in the Mures valley and in the
Trascau Mountains is Early Kimmeridgian-Tithonian (157-145 Ma) (Serban et al. 2004; Bucur
and Sasaran 2005). Secondly, the new U-Pb ages of the island arc series associated with the
ophiolites put an additional constraint on the timing of obduction. As discussed earlier, the low
initial 87Sr/86Sr and high initial 143Nd/144Nd ratios of the granitoids in the Apuseni Mountains
indicate that no crustal contamination occurred. This, in turn, excludes the possibility that the
granitoids formed in a collisional to post-collisional setting that involved the continental margin;
the lack of crustal contamination rather implies that the granitoids intruded the ophiolite
sequence before joint emplacement onto the continental Dacia Mega-Unit. Final obduction onto
the continental edge can therefore only have started after intrusion of the youngest island arc
granitoid. The age of the youngest dated granitoid, i.e. 152.9 + 2.49 Ma (Late Kimmeridgian;
DGO072; Tab.3, Fig. 9), yields a second estimate for the maximum age of obduction of the South
Apuseni ophiolitic unit. It has to be noted, however, that the second maximum age estimate of
obduction (~153 Ma, Late Kimmeridgian) is some 4 millions of years younger than the
biostratigraphic constraints (157 Ma, Oxfordian-Kimmeridgian boundary). This discrepancy
may well reflect errors in the radiometric age (* 2.49 Ma for the youngest granitoid) and/or the
conversion of biostratigraphic ages to absolute ages.
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Geodynamic Model

Here, we use our findings to improve and/or revise earlier tectonic models for the Jurassic
evolution of the South Apuseni ophiolitic unit (Bortolotti et al. 2002; Csontos and Voros 2004;
Schmid et al. 2008; Ionescu et al. 2009; Kounov and Schmid 2013) and compare the tectonic
history of the ophiolites in the Apuseni Mountains with other ophiolites from the East Vardar
realm. Moreover, we revise paleogeographic reconstructions of the Alpine-Carpathian-Dinaride-
Rhodope-Balkan area for the Jurassic (e.g. Schmid et al. 2008) (Figs. 10a and b). Based on the
new geochemical data and U-Pb ages, we distinguish three distinct events in the Jurassic, (1)
back-arc ophiolite formation in the Oxfordian to Early Kimmeridgian (~160 Ma), (2) roll-back of
the intra-oceanic subduction and generation of an island arc mainly in the Early Kimmeridgian
(~157 Ma), and (3) obduction starting in the latest Kimmeridgian to Tithonian (~152 Ma) (Figs.
10c, d and e).
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Figure 10: Paleogeographic sketch maps and profiles for 160 Ma (Oxfordian) and 152 Ma (Kimmeridgian-Tithonian
boundary), respectively. The figures are modified after Schmid et al. (2008), Kounov and Schmid (2013) and BoZovi¢
et al. (2013); they also take into account that the ALCAPA, Tisza, and Dacia Mega-Units rifted off Europe side by side
when the Alpine Tethys opened (e.g. Klotzli et al. 2004), and partly follow unpublished GPlates reconstructions by
Douwe van Hinsbergen. While certain details in Figures 10a,b remain speculative, the evolutionary scheme presented
in Figures 10c,d is strongly supported by the new data presented. The abbreviations for cities in (a) and (b) are as
follows: G Geneva; V Vienna; B Bucharest; I Istanbul. (a) Figure illustrating spreading in an intra-oceanic back arc
basin in the South Apuseni area; in Macedonia (FYROM) and Greece back arc spreading was ensialic and split off a
continental fragment of the Circum-Rhodope belt; the Paikon arc formed on this continental fragment; (b) figure
showing the emplacement of East Vardar ophiolites and Circum-Rhodope belt onto Dacia. Note that the so-called
Circum-Rhodope realm includes E-Vardar ophiolites, island arc complexes and Dacia-derived continental crust (e.g.
Bonev et al. 2015); (c), (d), (e) Schematic cross sections (not to scale) showing evolution steps of the South Apuseni
ophiolites during the Late Jurassic. (c) Formation of the South Apuseni ophiolites in a back-arc basin (~160 Ma,
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Oxfordian). (d) Slab roll-back in the East Vardar realm and onset of island arc magmatism within the Apuseni
ophiolites (~157 Ma, Early Kimmeridgian). (e) Collision of the Apuseni island arc with the Dacia Mega-Unit and
obduction of the ophiolites and island arc granitoids onto the continental margin. A similar evolution occurred in the
southern parts of the East Vardar ophiolites that are now part of the Circum-Rhodope belt (Zachariadis 2007; BoZovié
et al. 2013), where a continental arc (Paikon arc) formed on a narrow continental ribbon that split off the Dacia Mega-
Unit (see a).

In the Oxfordian to Early Kimmeridgian (~160 Ma), the Neotethys Ocean started to close along
two distinct NE-dipping subduction zones, concomitantly with opening of the Alpine Tethys
further north (Figs. 10a and c). The southwestern subduction zone later led to the obduction of
the West Vardar ophiolites in the Dinarides (e.g. Schmid et al. 2008), the northeastern one led to
back-arc spreading in the East Vardar marginal basin where new oceanic crust formed within a
peripheral basin of Neotethys, as is evidenced by the published and new U-Pb ages of ophiolites.
The geochemical data of the ophiolitic rocks show a subtle subduction influence and indicate
that the ophiolites probably did not form in a typical mid ocean ridge setting (Saccani et al. 2001;
Bortolotti et al. 2002), but in a marginal or remnant back arc basin of the Neotethys Ocean.
Refining previous models (e.g. Bortolotti et al. 2004; Ionescu et al. 2009; Kounov and Schmid
2013), we propose that the back-arc basin, within which the Apuseni ophiolites formed,
continued all the way through Serbia and Macedonia (FYROM) to Greece (Fig. 10a). In
Macedonia (FYROM) and Greece, such back arc spreading within the East Vardar ophiolites split
off a continental ribbon from the originally Dacia-derived parts of the Circum-Rhodope tectonic
unit (Bortolotti et al. 2013) (Fig. 10a). The back-arc spreading apparently started earlier in the
southern parts of the East Vardar marginal basin, at ~170 Ma, and was restricted to the Middle
Jurassic (Koglin et al. 2007; Zachariadis 2007; BoZovi¢ et al. 2013; Bonev et al. 2015), whereas
the oceanic lithosphere preserved in the South Apuseni ophiolitic unit is younger and Late
Jurassic (Fig. 9). The reason for this north-ward (in present-day coordinates) propagation of
ocean floor formation remains unclear.

In the Early Kimmeridgian (~157 Ma), following back-arc spreading, and formation of the East
Vardar ophiolites, the South Apuseni granitoids formed probably due to roll back of a NE-
dipping intra oceanic subduction zone (Fig. 10d). In the Apuseni Mountains, the granitoids and
associated subvolcanic and volcanic rocks exclusively intruded ophiolites and probably
represent an early island arc series, which is consistent with the Sr and Nd isotope ratios and the
reported occurrence of boninites in the subsurface of the Transylvanian basin (Ionescu et al.
2009). In our model, the dip direction of this intra-oceanic subduction zone is NE to E (in
Jurassic coordinates) and remained unchanged after back-arc spreading (Fig. 10d). In the
Apuseni Mountains, this intra-oceanic subduction induced island-arc magmatic activity within
an oceanic realm, whereas in Macedonia (FYROM) and Greece subduction beneath the split-off
continental ribbon led to formation of a magmatic arc on continental crust (e.g. Paikon arc,
Fanos granite) (Fig. 10a). Permian and Carboniferous ages have been reported for the
continental basement (Anders et al. 2005) occurring with the Fanos granite, which is associated
with the Guevgueli ophiolites, and these ages coincide with ages found in the Circum-Rhodope
unit (Turpaud 2006).

Since the ophiolites and associated granitoids of the East Vardar realm were emplaced onto the
adjacent Dacia Mega-Unit (Kounov and Schmid 2013) the NE-dipping intra-oceanic subduction
must eventually have ceased to be active in the East Vardar realm (Figs. 10b and e). Obduction of
the Apuseni ophiolitic unit and other parts of the East Vardar ophiolites including the Circum-
Rhodope continental fragments was probably associated with a flip in subduction polarity (Fig.
10e). This change to SW-dipping subduction polarity likely happened suddenly and led to
collision of the island arc (in the case of the Apuseni Mountains) and the Circum-Rhodope
continental ribbon (in FYROM and Greece) with the Dacia Mega-Unit. The collision eventually
resulted in marginal obduction of the ophiolites and island arc series onto the Dacia Mega-Unit.
In contrast to this East Vardar scenario, the obduction of the West Vardar ophiolites occurred
above a long-lived NE-dipping subduction zone that is associated with the formation of
metamorphic soles (subduction zone in the SW; Fig. 10a) (Gaggero et al. 2009; Bortolotti et al.

18



2013; Borojevi¢ Sostari¢ et al. 2014). The latter have not been found in the East Vardar
ophiolites (Kounov and Schmid 2013). This probably indicates that the emplacement of the East
Vardar ophiolites ultimately represents an arc-continent collision rather than a classic obduction
as in the case of the West Vardar ophiolites (e.g. Bortolotti et al. 2013; Borojevi¢ Sostari¢ et al.
2014) and the Semail ophiolite (e.g. Searle and Cox 1999). Note that the present-day location of
the ophiolitic units of the Apuseni Mountains and the Transylvanian basin as depicted in Figure
1 differs from their more southerly position shown in Figures 10a, b. This is due to the
considerable N-directed (in Lower Cretaceous coordinates) displacement of the highest tectonic
units within the Dacia Mega-Unit, i.e. the Biharia nappe system and overlying ophiolites. The
displacement was associated with Lower Cretaceous nappe piling (top-E in present-day
coordinates, i.e. after Cenozoic clockwise rotation of the Tisza-Dacia Mega-Units; e.g. Marton et
al. 2007) from 130 Ma onwards (e.g. Sandulescu 1994; Kounov and Schmid 2013; their
"Austrian” orogeny). Note also that the scenario depicted in Figures 10a,b contradicts the
hypothesis that the Apuseni ophiolites formed a suture zone between the Tisza and Dacia Mega-
Units (e.g. Schmid et al. 2008; Kounov and Schmid 2013), favoring the model of a single Tisza-
Dacia continent (e.g. Csontos and Voros 2004; Reiser 2015).

The timing of the obduction in the Apuseni Mountains is constrained by the new U-Pb ages of the
granitoids, which formed during the intra-oceanic island arc stage. Accordingly, obduction can
only have started after intrusion of the youngest granitoid at ~153 Ma (latest Kimmeridgian).
This age is 4 Ma younger than that inferred from shallow water carbonates (Oxfordian/ Early
Kimmeridgian, ~157 Ma) unconformably overlying obducted ophiolites and continental
basement (Serban et al. 2004; Bucur and Sasaran 2005). In the area of the Demir Kapija
ophiolites (FYROM), shallow water carbonates overlying post-obduction transgression
conglomerates covering the ophiolites have a Tithonian to earliest Berriasian age (~152-145
Ma) (Kukoc¢ et al. 2015). This clearly post-dates the intrusion of the Fanos granite (158 Ma)
(Anders et al. 2005) associated with these ophiolites and constrains the timing of obduction in
the Demir Kapija area rather precisely and within a time range (158-152 Ma) that is very similar
to that obtained for the Apuseni Mountains. The Late Jurassic emplacement of the East Vardar
ophiolites in the Apuseni Mountains was followed by Early Cretaceous thrusting of the East
Vardar ophiolites across the present-day Transylvanian basin all the way to the Eastern
Carpathians (Groger et al. 2013) and also led to the collision of the Dacia and Tisza Mega-Units in
the area of the Apuseni Mountains during the Early Cretaceous orogeny (e.g. Kounov and Schmid
2013).

6. Conclusions

This contribution documents the Late Jurassic magmatic and tectonic evolution of ophiolites and
associated granitoids including their subvolcanic and volcanic equivalents exposed in the South
Apuseni ophiolitic unit as of a short-lived sequence of back-arc spreading, island arc formation
and arc-continent collision. It also proposes that the South Apuseni ophiolites do indeed
represent the northern continuation of the East Vardar ophiolites (e.g. Schmid et al. 2008),
including the ophiolites within the Circum-Rhodope belt. The main outcomes of this study, based
on the new geochronological and geochemical data, are:

The Apuseni ophiolitic rocks are not pristine MOR-type ophiolites as previously proposed, but
show a subtle subduction influence, which suggests that they rather formed in a back-arc
marginal basin (BA-type ophiolites).

The low 87Sr/86Sr and high 43Nd/!*4Nd ratios of the calc-alkaline granitoids and their
subvolcanic and volcanic equivalents associated with the Apuseni ophiolites indicate that crustal
contamination did not occur. This is consistent with their previously proposed origin in an
island arc setting.

The U-Pb ages indicate that the two distinct magmatic suites formed within a narrow time range
in the Late Jurassic. The BA-type ophiolites as well as the granitoids and their subvolcanic and
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volcanic equivalents with island-arc affinity, are slightly younger in the Apuseni Mountains
compared to the southern parts of the East Vardar ophiolites extending into the Circum-
Rhodope belt.

Due to the lack of crustal contamination, the granitoids in the Apuseni Mountains must have
intruded the ophiolites during the island arc stage and before their joint emplacement on top of
the continental Dacia Mega-Unit after 153 Ma.

It is suggested that the Apuseni ophiolites, and later also the granitoids, formed above a steady
NE-dipping subduction zone and in close vicinity to the continental Dacia Mega-Unit.

The steady NE-directed subduction was followed by a flip of subduction polarity, which
triggered the emplacement of the ophiolites and island arc assemblage onto the continental
Dacia Mega-Unit. This emplacement differs from the classic obduction scenario, and is better
referred to as an island arc-continent collision.
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