
1. Introduction
Back-arc extension due to slab-rollback (Uyeda & Kanamori, 1979) is often observed in the hinterland of 
convergent plate boundaries and promotes the formation of large rift basins (Malinverno & Ryan, 1986). 
One of the largest continental back-arc basins in the circum-Mediterranean region is the Pannonian Basin 
(Figure 1), which formed in Late Oligocene to Late Miocene times in response to slab-retreat underneath 
the Carpathian orogen (e.g., Horvath & Berckhemer,  1982; Horváth et  al.,  2006; Royden,  1988; Royden 

Abstract Extension across the southern Pannonian Basin and the internal Dinarides is characterized 
by Oligo-Miocene metamorphic core complexes (MCCs) exhumed along mylonitic low-angle extensional 
shear zones. Cer MCC at the transition between Dinarides and Pannonian Basin occupies a structural 
position within the distal-most Adriatic thrust sheet and originates from two different tectonic processes: 
Late Cretaceous-Paleogene nappe-stacking during a continent-continent collision with Adria in a lower 
plate position, and exhumation related to Miocene extension driven by the Carpathian slab-rollback. 
Structural data and a balanced cross section across the Cer massif show linking of the exhuming shear 
zone to a breakaway fault, which reactivated the early Late Cretaceous most internal nappe contact. 
Paleozoic greenschist-to amphibolite-grade lithologies surround a polyphase intrusion composed 
of I- and S-type granites and were exhumed along a shear zone characterized by top-N transport. 
Thermobarometric analyses indicate an intrusion depth of 7–8 km of the Oligocene I-type granite; cooling 
below ∼500°C occurred at 25.4 ± 0.6 Ma (1σ) yielded by 40Ar/39Ar dating of hornblende. Biotite and 
white mica from this intrusion as well as from the mylonitic shear zone yield 40Ar/39Ar cooling ages of 
17–18 Ma independent of the used techniques (in situ laser ablation, single-grain total fusion, single-grain 
step heating, and multi-grain step heating). White mica from the S-type granite yield an 40Ar/39Ar cooling 
age of 16.7 ± 0.1 Ma (1σ). Associated dikes intruding the shear zone were also affected by N-S extension 
resulting in the exhumation of the MCC, which was triggered by the opening of the Pannonian back-arc 
basin in response to the Carpathian slab-rollback.

Plain Language Summary Horizontal stretching of continental plates induces thinning of 
the crustal upper part, melting of rocks, the sinking of the land surface, and formation of large basins. 
One of the world's best-studied basins formed by such a process is the Central European Pannonian 
Basin. This basin is surrounded by the mountain belts of the Alps, Carpathians, and Dinarides. We have 
studied rocks between the Pannonian Basin and the southerly adjacent Dinaride Mountains, where 
rocks deposited in the basin are found right next to rocks that were initially about 7–8 km deep in the 
crust. These rocks are separated by a shear zone, along which they were brought to the surface. We have 
dated the activity of the shear zone by measuring concentrations of radioactive isotopes and their decay 
products contained in deformed minerals. The shear zone was active at a time when the Pannonian Basin 
started to open due to tectonic processes further NE underneath the Carpathian mountain chain. We also 
found evidence that the shear zone, which brought metamorphic rocks upwards was formerly one that 
brought rocks downwards into the crust during an earlier phase of mountain building, predating basin 
formation.
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et al., 1983). The basin hosts up to 7 km thick sedimentary successions (Nemcok et al., 1998) and sub-sur-
face data suggest E-W- to NE-SW-directed extension (e.g., Fodor et  al.,  1999), triggering exhumation of 
several metamorphic core complexes (MCCs) along low-angle detachment faults (e.g., Lister & Davis, 1989) 
that separate Miocene strata from the Paleozoic basement (Tari & Pamić, 1998). In the central Pannonian 
Basin, these MCCs remain subsurface due to substantial Late Miocene post-rift subsidence (e.g., Balázs 
et al., 2016; Tari et al., 1999). By contrast, the southwestern margin of the Pannonian Basin at the transition 
into the structurally underlying, but topographically more prominent internal Dinarides hosts a chain of 
several exposed MCCs accessible for field studies. These exposed MCCs provide insight into the kinemat-
ics and timing of extensional processes that operated during the opening of the Pannonian Basin system 
(Figure 1).

Oligo-Miocene extension across the Pannonian Basin system involved the extensional reactivation of earlier 
contractional faults (e.g., Horváth, 1993; Tari et al., 1992). This includes the reactivation of Maastrichtian 
suturing thrusts between Europe- and Adria-derived units along the southern margin with the Dinarides 
fold-thrust belt (Ustaszewski et al., 2010), as well as segments of this suture zone against the Carpatho-Bal-
kan orogen further south (Erak et  al.,  2017; Matenco & Radivojević,  2012). Extensional reactivation of 
large-scale thrusts is not uncommon and has been reported from various other collisional orogens like 
the Grenville orogen (Busch et al., 1997), the Caledonides (Fossen, 1992), or the Eastern Alps (Froitzheim 
et al., 1997). The existence of extensionally reactivated large-scale thrusts in the hinterland of the Dinaric 
orogen, however, is still speculative.
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Figure 1. (a) Simplified overview map of major tectonic units and fault zones of the Alps-Carpathians-Dinarides region (modified after Schmid et al., 2020). 
MHSZ, Mid-Hungarian shear zone; PAL, Periadriatic line; TW, Tauern window. Shaded area depicts the extent of the Pannonian Basin. (b) Digital Elevation 
map (based on SRTM data with 90 m resolution) of the Pannonian Basin and surrounding orogens with their respective deformation fronts. Abbreviations 
(white bold italic) indicate major subbasins of the Pannonian Basin system: Bb, Banat Basin; Db, Danube basin; Drt, Drava trough; GrHP, Great Hungarian 
Plain; LtHP, Little Hungarian Plain; Svt, Sava trough; Tb, Transylvanian basin; Tcb, Transcarpathian basin. (c) Tectonic units of the Dinarides and neighboring 
regions (modified after Schmid et al., 2020) with locations of metamorphic core complexes and associated low-angle detachment faults in red. The dashed line 
depicts the location of the cross section trace (Figure 12).
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In this study, we present geochronological data obtained by 40Ar/39Ar in situ-, multi- and single-grain 
step-heating and single-grain total fusion techniques on mica and amphibole from a low-angle mylonitic 
shear zone and the undeformed footwall in the Cer Massif (central western Serbia; Figures 1b and 1c). We 
chose this multi-technique approach to (a) constrain the cooling history of the Cer Massif, (b) combine the 
advantages of each technique in order to gain unambiguous information about shear zone activity, and (c) 
evaluate individual results with regard to their internal consistency.

The results help us to understand the kinematics and timing of extension responsible for the formation of a 
MCC located at the transition between the two most internal Adria-derived thrust sheets of the internal Di-
narides, namely the Drina-Ivanjica- and Jadar-Kopaonik nappes. Building on our observations, we suggest 
that larger parts of the internal Dinarides underwent large-scale early Neogene extension by reactivation 
of nappe contacts and show that the amount of extension increased from the external across the internal 
Dinarides toward the Pannonian Basin.

2. Geological Overview
The geodynamic evolution of central eastern Europe resulted in the formation and closure of several ocean-
ic basins. During the Middle Triassic, rifting led to the opening of the Neotethys Ocean. After the obduction 
of the Western Vardar ophiolites onto the passive Adriatic margin in the Kimmeridgian (e.g., Gawlick & 
Missoni, 2019; Robertson et al., 2009), progressive convergence led to continued northeastward subduction 
of the northern branch of the Neotethys (Gallhofer et al., 2015, 2017). Continent-continent collision in latest 
Cretaceous-to Paleogene times (e.g., Pamić et al., 2002; Ustaszewski et al., 2009) culminated in the forma-
tion of the Dinarides fold-and-thrust belt (Figures 1a and 1b) and involved Adria-derived thrust sheets in a 
lower plate position and blocks of European affinity, i.e., Tisza and Dacia mega-units, which separated from 
the European plate in the Late Triassic (Haas & Péró, 2004) in the upper plate, above the oceanic suture. For 
the sake of simplicity, we will refer to these mega-units as “European plate.”

The Dinarides are commonly divided into internal and external Dinarides. The external Dinarides consist 
of nappes derived from the Adriatic Carbonate Platform, while the internal Dinarides comprise a number 
of so-called “composite nappes,” which are composed of distal Adriatic continental units that carry the 
obducted ophiolites of the Western Vardar unit, with the obduction interface dissected by Late Cretaceous 
west-to southwest-vergent thrusts (Schmid et al., 2020; Vlahović et al., 2005).

The Jadar-Kopaonik composite nappe (Figure 1c) encompasses deformed Middle Devonian to Carbonif-
erous turbiditic sequences overlain by Permian to Upper Jurassic limestones (Filipović et al., 2003) and 
was thrust onto the Drina-Ivanjica composite nappe (Figure  1c), which contains Paleozoic basement 
mainly composed of Carboniferous metasandstones, metaconglomerates, metapelites and marble that ex-
perienced anchizonal metamorphism during WNW-directed obduction of the Western Vardar ophiolites 
(Brković et al., 1977; Porkoláb et al., 2019). The lowermost nappe of the internal Dinarides is the East-Bos-
nian-Durmitor composite nappe (Figure 1c), which structurally underlies the Drina-Ivanica thrust sheet. 
These composite nappes formed by out-of-sequence thrusting, with respect to the Late Jurassic obduction, 
during ongoing Late Cretaceous to Early Paleogene shortening (Figure 1c; Schmid et al., 2020). Our study 
area in the internal Dinarides encompasses the most distal composite nappes, namely the Drina-Ivanjica 
and Jadar-Kopaonik thrust sheets, which are exposed as tectonic windows below the obducted Western 
Vardar ophiolites (Figure 1c) and structurally underlie the suture that separates the Adriatic lower plate 
from the upper European plate (Figure  1c). This suture zone was first described as the Vardar-Zone by 
Kossmat  (1924) in southern Serbia, Macedonia, and northern Greece. Subsequent studies (Pamić, 1993) 
extended the zone NNW-ward until Beograd, where it forms a wide E-W-striking corridor, broadly following 
the course of the Sava River to Zagreb (Figure 1). Following Schmid et al. (2008), we will refer to it as the 
“Sava suture zone.” The Sava suture zone represents an accretionary prism that primarily consists of Late 
Cretaceous trench-fill sediments and subordinate ophiolite-bearing units (Ustaszewski et al., 2009, 2010) 
and is in part covered by Neogene sediments of the Pannonian Basin (Figure 1c).

The Pannonian Basin is surrounded by the mountain belts of the Alps, Carpathians, and Dinarides and 
extends across the Sava suture zone in the south (Figures 1a and 1b). It covers numerous tectonic units 
of different origin, namely the ALCAPA block, the Tisza- and Dacia mega units, parts of the Southern 
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Alps, and the internal Dinarides (Figure 1a). The ALCAPA block comprises units of the Alps, Carpathi-
ans, and the Pannonian realm (Austroalpine and inner/central West Carpathian units) and is bound to 
the north by a complex suture zone of the Alpine Tethys and by the Periadriatic Fault system and its east-
ward extension into the Mid-Hungarian Shear Zone in the south (Figure 1a). The Tisza- and Dacia blocks 
represent two crustal fragments of European affinity located south of the ALCAPA terrane. Convergence 
between the European foreland in the northeast and the ALCAPA- and Tisza-Dacia blocks were followed 
by a Middle Miocene collision first in the Western Carpathians when buoyant continental crust entered the 
subduction channel (Sperner et al., 2002). This Neogene “soft” collision (Balla, 1987) between ALCAPA 
and the Tisza-Dacia mega-units with the European foreland resulted in the formation of the Carpathian 
orogen (Schmid et al., 2008). Roll-back of the European lithospheric slab beneath the Carpathian arc (Bada 
et al., 1999; Fodor et al., 1999; Horváth et al., 2006; Royden, 1988; Royden et al., 1983) was associated with 
the large-scale lithospheric extension of the upper plate formed by the ALCAPA- and Tisza-Dacia blocks 
during Early Miocene times, leading to the formation of the Pannonian rift basin.

The contemporaneous northward indentation of the Adriatic lithosphere toward Europe led to lateral ex-
trusion of the Eastern Alps into the Pannonian rift basin (Ratschbacher et al., 1991; Rosenberg et al., 2004). 
Collision of ALCAPA and Tisza-Dacia with the European foreland migrated along-strike the Carpathian 
arc, followed by slab detachment in the Western Carpathians at 16 Ma, while subduction in the Eastern 
Carpathians was still ongoing at 13 Ma (Sperner et al., 2002; Tomek & Hall, 1993). E-ward slab retreat and 
subsequent break-off migrated toward the Eastern Carpathians, associated with E-W extension in the Pan-
nonian Basin. Extension of the lithosphere in the Pannonian Basin was concurrent with the upwelling of 
the asthenosphere and led to an elevated heat flow (Dovenyi & Horváth, 1988; Horváth et al., 2015; Royden 
et al., 1983). The extension was accommodated by the formation of horst-graben structures (e.g., Sava- and 
Drava trough, Figure 1b; Tari & Pamić, 1998) and along low-angle normal faults that exhumed high-grade 
metamorphic rocks in the footwall, for instance in the Little- and Great Hungarian Plains (Figure 1b; Tari 
et al., 1992).

2.1. Core Complexes in the Internal Dinarides

A chain of Oligo-Miocene MCCs is exposed along the Sava suture zone and within the nappes of the inter-
nal Dinarides (e.g., Pamić et al., 2002; Schefer et al., 2011). Most of these core complexes are associated with 
magmatic activity and therefore contain intrusions. The S-type intrusion of the Motajica MCC (Figure 1c) 
intruded the Sava suture zone at c. 27 Ma and was exhumed with a framework of upper greenschist-to up-
per amphibolite-grade rocks. The exhumation took place along former latest Cretaceous suturing thrusts, 
which were extensionally reactivated as low-angle shear zones during E-W extension in the latest Oligo-
cene-to early Miocene times (Ustaszewski et al., 2010). Extensional unroofing started at ∼25 Ma and was 
followed by synrift sedimentation in the Sava trough (Figure 1b) during Ottnangian to Badenian times (Cen-
tral Paratethys stages, corresponding to ∼18.2–12.7 Ma; Harzhauser and Piller [2007]), linking this phase of 
the extension to the Neogene opening of the Pannonian back-arc basin system (Ustaszewski et al. (2010). 
Further east, the Bukulja MCC, which contains a large multiphase intrusion comprising two-mica granites 
and hornblende-biotite granites (Figure 1c) was exhumed along a low-angle detachment with top-E trans-
port. Results of low-temperature thermochronology constrained the timing of rapid cooling associated with 
tectonic exhumation to late Middle Miocene times (14–11 Ma, Stojadinovic et al., 2013).

Another group of MCCs is situated in the Kopaonik-Studenica region (Figure  1c), also within the Ja-
dar-Kopaonik composite nappe. The Kopaonik- and Studenica core complexes are composed of Paleozoic 
metasediments metamorphosed during greenschist-to amphibolite-facies conditions that contain Oligo-
cene I-type- and Miocene S-type granites (Schefer et al., 2011), similar to Cer MCC. The intrusion of S-type 
granites at 17.7–18.1 Ma were contemporaneous to N-S-directed extension and subsequent core-complex 
formation during exhumation (Schefer et al., 2011).

2.2. Cer Metamorphic Core Complex

Cer MCC is located in central western Serbia and hosts a multi-phase pluton that intruded into the Paleo-
zoic basement of the Jadar-Kopaonik thrust sheet (Figures 1c and 2), which comprises a suite of alternating 
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metapsammites and–pelites that experienced contact metamorphism and were exhumed along an exten-
sional mylonitic shear zone (Stojadinovic et al., 2017). The pluton comprises a locally amphibole-bearing 
I-type Qz-monzonite to Qz-monzodiorite, subsequently intruded by a peraluminous S-type granite (Cvetk-
ović et al., 2007; Knezevic et al., 1994; Koroneos et al., 2011). The I-type intrusion hosts mafic enclaves with 
Hbl, Bt and Pl as main constituents (Knežević et al., 1994; Koroneos et al., 2011). West of the main intrusion 
a plutonic body of Qz-monzonitic composition termed Stražanica intrusion is exposed. To the south, the Cer 
MCC is discordantly overlain by gently south-dipping Miocene strata comprising alternations of marine to 
lacustrine conglomerates, sandstones, and shales. The basal parts of this succession crop out in close vicini-
ty of the Cer MCC and rework igneous and metamorphosed rocks (Figure 2). The age of this succession cor-
responds to lower Badenian to Sarmatian(?) (∼16–12 Ma), according to the Paratethys stages of Harzhauser 
and Piller  (2007). The Cer MCC is discordantly overlain by Pliocene strata to the north. The Paleozoic 
rocks surrounding the pluton display a contact metamorphic overprint that reaches upper greenschist-to 
amphibolite-facies indicated by garnet- and staurolite-bearing mica schists. Other lithologies include phyl-
lites, chlorite- and sericite-chlorite schists (Koroneos, et  al.,  2011). U-Pb (Zrn) ages of the I-type intru-
sion constrain crystallization to Early Oligocene times (31.36 ± 0.49 Ma to 32.21 ± 0.30 Ma; Stojadinovic 
et al., 2017). K-Ar cooling ages from white mica of the S-type granite range between 15.96 ± 0.64 Ma and 
16.48 ± 0.65 Ma, while feldspar yielded ages of 15.10 ± 0.58 Ma and 15.20 ± 0.60 Ma (Koroneos et al., 2011). 
Both magmatic suites seem to be genetically linked to the intrusives at Bukulja (Cvetković et al., 2007).

3. Methods
To investigate the polyphase deformation history of the Cer MCC we combined thermobarometric calcu-
lations on the I-type intrusion, 40Ar/39Ar geochronology of deformed rocks of the exhuming shear zone 
as well as undeformed rocks of the footwall. Additionally, cross section balancing helped to quantify the 
amount of shortening and subsequent extension across the Jadar-Kopaonik thrust sheet.

3.1. Electron Microprobe Analyses

Analyses of major element concentrations on amphiboles of the I-type intrusion were carried out on a JEOL 
JXA-8230 electron microprobe at Jena University. The operating conditions were set to an accelerating volt-
age of 15 kV, a beam current of 5 nA, and a beam diameter between 1 and 5 µm. The wavelength-dispersive 
X-ray spectrometers were used to measure the elements and X-ray lines of Si, Ti, Al, Mn, Ca, Na, K, F, 
and Fe. Concentrations of element oxides were then used for thermobarometry after Ridolfi and Renzu-
lli  (2012). This thermobarometer is based on the aluminum content of magmatic calcic amphiboles and 
calibrated for X (Mg/Mg + Fe) ratios of >0.5.

3.2. 40Ar/39Ar Geochronology

All Ar isotopic analyses were carried out at the Argon Lab Freiberg (ALF, TU Bergakademie Freiberg). 
Irradiation was done at the LVR-15 research reactor of the Nuclear Research Institute in Řež, Czech Re-
public. An internal standard (Drachenfels sanidine DRF1) with an age of 25.682 ± 0.030 Ma was used as a 
fluence monitor during irradiation. The DRF1 monitor age is calibrated against Fish Canyon sanidine with 
28.305 ± 0.036 Ma and using a decay constant of λ = 5.5492 × 10−10 (Renne et al., 2010) and an atmospheric 
40Ar/36Ar ratio of 298.6 ± 0.3 (Lee et al., 2006). A GV Instruments ARGUS noble gas mass spectrometer 
equipped with five Faraday cups for static Ar isotope analysis was used in combination with a New Wave 
30W floating CO2 laser system and a Createc furnace system for multi-grain step heating analyses (for de-
tails see Pfänder et al., 2014). Gas purification prior to measurement was achieved by two SAES GP50 getter 
pumps, one operating at room temperature, the other at 400°C. A Thermo Scientific ARGUS VI noble gas 
mass spectrometer with five Faraday cups and a CDD electron multiplier at the L3 low mass side as well as 
with deflection dynodes on all mass positions for multi-dynamic measurements was used in combination 
with an ArF Teledyne Photon Machines Analyte Excite 193 nm laser for in situ analyses. Multiple single 
grain total fusion analyses on grain size fractions 80–250 µm, 250–500 µm, 500–1000 µm and 1–2 mm were 
carried out on the same mass spectrometer adopting an in-house build 25W Synrad CO2 laser system in 
combination with a Raylase scanhead for beam deflection. Intercept calculation and raw data reduction 
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were performed using an in-house developed Matlab software. Details regarding sample treatment, sample 
preparation, measurement protocol, and data evaluation are described in the supplement. For calculation 
of inverse isochron ages, weighted mean ages (WMA), and data visualization the R package IsoplotR was 
used (Vermeesch, 2018).

3.3. Cross Section Balancing

Cross-section construction was based on a compilation of former Yugoslavian geological maps of the Fed-
eral Geological Survey, Beograd, and available stratigraphic data of the Jadar-Kopaonik- and Drina-Ivanjica 
thrust sheets (Filipović, 1971; Mojsilović et al., 1975; Rajčević, 1982; Vrhovčić et al., 1984). Projected seismic 
profiles (Matenco & Radivojević,  2012), field observations, and results from thermobarometric analyses 
(see Section 4.3) were considered. Based on these data, a deformed-state cross-section was constructed first. 
Thicknesses of individual stratigraphic units were estimated based on dip data and lithological contacts. 
Retro-deformation of the cross-section was accomplished by using the fault bend fold (Suppe, 1983) and 
fault parallel flow (Egan et al., 1997) algorithms for the contractional stages, as well as the simple shear 
algorithm (Gibbs, 1983; Withjack & Peterson, 1993) for the extensional stages. Fault geometries and dis-
placement amounts were constrained by iterative forwarding- and retro-deformation steps. This modeling 
approach resulted in a best fit model that provided geometry and depth for faults associated with nappe 
stacking and subsequent extension.
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Figure 3. Stereographic projections (equal area, lower hemisphere) of structural data from various parts of the Cer 
MCC: (a) mylonitic shear zone within the central Stražanica synform; (b) northern Stražanica synform; (c) S-type 
granite at the eastern limb of the Stražanica synform with kinematic indicators showing top-N transport; (d) mylonites 
at the northeastern margin of Cer MCC; (e) structural data collected north of Tekeriš; (f) brittle fault planes with slip 
lineations from the magmatic core of Cer MCC.
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4. Results
4.1. Field Observations and Structural Data

Bedding planes within the unmetamorphosed Paleozoic basement are dominantly west-to north-west-dip-
ping and developed a layer-parallel cleavage s1. Cleavage s1 is only observed locally, as it is folded and over-
printed by an axial-planar cleavage s2, which becomes densely spaced with increasing proximity to the 
pluton. This main metamorphic foliation always dips away from the pluton and envelopes it concentrically. 
Cleavage s2 contains stretching lineations (Figures 3c–3e) associated with top-N transport and becomes my-
lonitic close to the contact with the pluton as strain increases, resulting in a decameter-scale ductile shear 
zone. The Paleozoic basement rocks are fault-bound against a succession of dark, organic-rich Permian 
limestones and light gray Triassic limestones in the north of Cer, which are discordantly overlain by Creta-
ceous carbonates in the northeast (Figure 2).

The Paleozoic metasediments surrounding the pluton experienced metamorphism reaching amphibo-
lite-facies conditions with garnet-staurolite schists outcropping south-east of the pluton (Figures 2 and 4b), 
which display a SE-dipping main foliation with NE- and SW-plunging lineations (Figure 3e) and garnet-mi-
ca schists at the north-western margin of Cer MCC (Figures 4b and 4c, Table 1). Brittle striated faults cross-
cut the metamorphic foliation and indicate multidirectional extension (Figure 3f).

Andalusite-bearing schists crop out at the western margin of the Stražanica intrusion, which is separat-
ed from the main intrusion by an N-S striking synform, hereafter termed Stražanica synform (Figures 2 
and 4l). The synform hosts mylonitized garnet- and pyroxene-bearing hornblende-hornfels at the eastern 
limb (Figures 2 and 4g). The northern part hosts garnet-bearing mica schists, that partially preserved relics 
of s1 (Figures 4e and 4f). Small scale minor folds of more competent layers in this area are characterized by 
N-plunging fold-axes (Figure 3b). The deformed parts of the main intrusion exhibit a s2 foliation associated 
with pervasive S-C- and C′-fabrics that indicate top-N transport (Figures 4h and 4i). Close to the contact be-
tween the Stražanica synform and the main intrusion (outcrop 17918E; Figure 2), subhorizontal NNE- and 
SSW-plunging stretching lineations (Figure 3c) developed in an S-type granitic gneiss and are associated 
with top-NNE transport. The mylonite zone becomes more pronounced in the northeast, characterized by 
an E-dipping compositional layering with NNE-plunging stretching lineations, associated with NNE-di-
rected transport (Figure 3d). Here, a migmatitic section of the shear zone is exposed (Figure 2; outcrop 
16,422F/18928B; Figure 5).

4.2. Petrography and Microstructures

4.2.1. Magmatic Rocks

I-type intrusion: The I-type intrusion of Cer MCC consist of Qz + Pl + Kfs + Bt ± Hbl ± Ttn ± Ilm (Fig-
ure 4n) and varies in composition from Qz-monzonitic to Qz-monzodioritic (Koroneos et al., 2011). It will 
be summarized as Qz-monzodioritic in the following. The margin of the intrusion is overprinted by the 
shear zone (hatched signature in Figure 2), forming a solid-state foliation, which is mainly defined by bi-
otite and developed top-N extensional C′-type shear bands (Figure 4h). Dynamic recrystallization by sub-
grain rotation (SGR) and grain boundary migration (GBM) of quartz and rotation of feldspar clasts as well 
as deformation twinning of plagioclase was observed.

S-type granite: The S-type granite consists of Qz + Kfs + Pl + Wm ± Grt ± Trm with garnet as a magmatic 
phase (Figure 4o). In parts, the S-type granite hosts up to cm-large blasts of white mica. The S-type granite 
occurs as either larger bodies or as dikes that cross-cut the I-type Qz-monzodiorite and thus are related to 
a younger magmatic event. The dikes can develop different grain sizes ranging from aplitic to pegmatitic, 
with feldspar- and white mica crystals several cm in size. They are always associated with magmatic garnet. 
The dikes intruding the shear zone were subsequently deformed which manifests in the field as asymmetric 
boudinage, and in thin sections as mica fish, dynamic recrystallization of quartz by SGR/GBM and C′-type 
shear bands indicating top-N transport (Figure 6).

In areas where the intrusion is affected by the shear zone, the S-type granite is characterized by a spaced 
foliation resulting in a gneissic structure (Figure 4i). Quartz shows dynamic recrystallization by SGR and 
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GBM. White mica forms mica fish and forms part of C′-type shear bands (Figure  4i), indicating top-N 
transport.

Migmatites: These only sporadically exposed migmatitic rocks crop out near the village of Bela Reka (Fig-
ure 2; outcrop 16422F, Figure 5). They are characterized by felsic, garnet-bearing veins of quartzo-feldspatic 
composition within a metapelitic host rock (Figure 5). The contact between leuco-and melanosome is in 
parts sharp and resembles an intrusive character (Figures 4g and 4h). The leucocratic domains are charac-
terized by relics of biotite and large white mica of up to 2 mm grain size. A pervasive E-dipping foliation 
affects both melano- and leucocratic parts (Figure 3d). Leucosomes form asymmetric boudins within an 
E-dipping foliation (Figure 5b) with N-plunging stretching lineations, associated with N-directed transport 
(Figure 3d), also shown by other structural indicators such as C′-fabrics (Figures 4j, 4k, 5e, and 5f). A pho-
togrammetric 3D model of the outcrop is hosted on Sketchfab at https://skfb.ly/6TUXJ.

4.2.2. Metamorphic Rocks

Metamorphic rocks at Cer MCC are the result of a contact metamorphic overprint associated with the 
intrusion of the I-type Qz-monzodiorite. Characteristic index minerals are marked in Figure 2. Outcrop 
conditions prohibited the mapping of contact relationships between different metamorphic rocks. Thus, 
they are summarized as “metamorphosed pre-Devonian rocks” in Figure  2. Andalusite-bearing spotted 
mica schists crop out at the western margin of the intrusion. These fine-grained metapelites host euhedral 
andalusite-blasts of a few mm diameter, which have overgrown the foliation and were subsequently rotated 
and almost completely replaced by sericite (Figure 4l). Mylonitic garnet- and staurolite-bearing micaschists 
(Figures 4a–4f) crop out in the northern part of the Stražanica synform (outcrop 17801J) and at the south-
eastern margin of the pluton near Tekeriš (outcrop 17917A). Simultaneous mineral growth and rotation of 
metamorphic garnet and staurolite led to the formation of snowball structures. Stair-stepping of the tails 
of these blasts and C′-type shear bands indicate top-NE directed transport. Pyroxene-bearing hornblende 
mylonites were discovered at the western margin of the main intrusion. They are characterized by a mylo-
nitic foliation composed of quartz and feldspar. Quartz shows dynamic recrystallization by GBM recrystal-
lization and forms elongated ribbons. Feldspar shows grain size reduction and larger relics of plagioclase 
crystals are only poorly preserved. Diopside formed at the expense of amphibole (actinolite/tremolite) blasts 
which are clearly in disequilibrium as indicated by the relictic preservation of grains. Relics of garnet are 
also present (Figure 4g). Accessories include titanite and epidote.

4.3. Thermobarometry

Utilizing the thermobarometer by Ridolfi and Renzulli (2012), results constrain the pressure under which 
calcic amphiboles crystallized (samples 150906D and 18928D) to ∼2 kbar (Figure 7, for results and ma-
jor-element concentrations, see Table S2). This pressure corresponds to an emplacement depth within the 
continental crust of the I-type intrusion of 7.5–8 km. Associated crystallization temperatures range between 
∼720°C and 820°C.
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Figure 4. Thin section photomicrographs of igneous and metamorphic rocks from Cer MCC under plane- and cross-polarized light (for locations of the 
corresponding outcrops see Figure 2). (a) Garnet-bearing mica schist developing C′-type shear bands that indicate top-N transport; (b) garnet-staurolite-bearing 
micaschist from the south-eastern part of Cer (Tekeriš); (c) Detailed view of Grt from (b) exhibiting snowball structure that indicates syntectonic growth; 
(d) mylonitic garnet- and staurolite-bearing micaschist from the northern Stražanica-synform, extensional shear bands that developed in s2 indicate top-N 
transport; (e and f) y-z- section of the same sample reveals a folded s1-foliation, resulting in the axial-planar s2-foliation; (g) garnet- and pyroxene-bearing 
hornblende-hornfels with mylonitic s2 foliation (Stražanica-synform); (h) monzodiorite with metamorphic foliation composed of biotite that developed C′-type 
shear bands, indicating top-N transport; (i) deformed garnet-bearing S-type granite. Prekinematic white mica forming mica fish and S-C-fabric indicate top-N 
sense of shear; (j) transition between melano- and leucosome of injected migmatites. The leucosome in the lower part is much coarser grained and shows 
dynamic recrystallization of quartz (subgrain rotation recrystallization). The melanosome is rich in biotite with only minor white mica; (k) Detailed view of 
the melanosome in (j) with a continuous foliation developing C′-type shear bands that indicate top-N transport; (l) Rotated andalusite-blast, partly replaced 
by sericite with recrystallized Qz in the strain shadows; (m) Mylonite forming ribbon-quartz, south-eastern part of Cer (Tekeriš); (n) Undeformed Hbl-bearing 
I-type granitoid; o) Undeformed S-type granite with magmatic garnet.

https://skfb.ly/6TUXJ
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4.4. Results of 40Ar/39Ar Geochronology

Ar-isotope compositions of potassium-bearing minerals from seven samples were analyzed by multi-grain 
step heating, in situ, single-grain total fusion, and single-grain step heating techniques. We sampled un-
deformed I- and S-type igneous rocks from the undeformed footwall as well as deformed rocks from the 
shear zone (sample locations are marked in Figure 2, for mineral parageneses and sample petrography see 
Table 1; dating methods and results are summarized in Table 2; for complete data sets see supplementary 
files DS01-DS04 at https://zenodo.org/record/4678734).

4.4.1. 40Ar/39Ar In Situ Geochronology

Five sample discs were prepared from sample 16422F1 (Figure 5d) for 40Ar/39Ar in situ analyses. The valid-
ity of the analyses was tested by analyzing the standard HD-B1 by in situ laser ablation. This yielded ages 
identical within uncertainty to the age reported by Schwarz and Trieloff (2007), which was recalculated to 
the same decay constant and fluence monitor as for our calculations (Section 3.2). All together 124 spots 
targeting white mica and 13 spots on biotite were analyzed (Table S1, Figure 8, DS01). At very low signal 
intensities on mass 40, a systematic correlation between the degree of blank correction and age was ob-
served, which is why measurements that yielded a blank/signal ratio above 1:5 (n = 49) were discarded. 
Of the remaining data set, 12 analyses yielded 36Ar signals below the CDD detection limit (∼5 × 10−20 mol 
36Ar), meaning that an atmospheric correction for these spots was not possible. A comparison with analyses 
where signal intensities for 36Ar were measurable and thus atmospheric correction was possible, reveals a 
significant difference in ages, as exemplarily shown for analyses of WM from the leucosome with WMA of 
17.89 ± 0.08 Ma for the uncorrected data and 17.32 ± 0.12 Ma for the data including atmospheric correc-
tion (Figure 8a). In addition, the associated age uncertainties for spots without atmospheric correction are 
underestimated due to the missing propagation of the uncertainty of the 36Ar measurement (Figures 8a 
and 9i). Therefore, only measurements with 36Ar above the detection limit are considered for further eval-
uation. Individual spots yield ages that range from 16.25 ± 0.99 to 18.14 ± 0.84 Ma for white mica. Ages 
for both leuco- and melanosome are identical within uncertainty (Figure 8). The inverse isochron age for 
56 white mica spots from the leucosome is 17.30 ± 0.17 Ma with an initial 40Ar/36Ar ratio of 300.2 ± 8.4 
(MSWD = 0.32; Figure 8b), identical to the inverse isochron age for white mica from the melanosome of 
17.05 ± 0.43 Ma (n = 7, Figure 8d). Intra-granular age variations were not observed and the inverse isochron 
ages of analyses obtained on individual grains scatter around 17.3 Ma with initial 40Ar/36Ar ratios almost 
identical to the atmospheric Ar composition (Figure 9, inset Figure 11b).

4.4.2. 40Ar/39Ar Step Heating

Five mineral separates from samples 16422F2, 18925H, and 18926C2 were dated using the step-heating 
technique (Table 2, Figure 10, Table S1, DS04). Experiments consisted of 16–18 heating steps with 86%–99% 
of 39Ar released. WPAs were calculated using the initial 40Ar/36Ar-ratio yielded by the corresponding isoch-
ron plot, where it significantly deviated from the atmospheric 40Ar/36Ar-composition of 298.6 ± 0.3.

4.4.3. 40Ar/39Ar Single-Grain Total Fusion- and Step Heating Experiments

Single-grain total fusion (SGTF) and step heating (SGSH) experiments were carried out on three deformed 
samples of the shear zone (samples 17918E, 17801I, and 18928B; grainsize fractions 80–250  µm, 250–
500 µm, 500–1,000 µm, and 1–2 mm). Results are summarized in Figure 12 and Table 2. Complete data 
sets and additional isochron plots and age spectra for both, SGTF and SGSH analyses can be found in the 
electronic supplement to this article (DS02, DS03, Figures S1 and S2). The WMA of the respective grain size 
fractions for each sample were calculated using a modified Chauvenet Criterion to detect and reject outliers 
(for further details see Vermeesch, 2018).

SGTF analyses yielded WMAs ranging between 17 and 18 Ma. For sample 18928B white mica from the leu-
cosome and biotite from the melanosome were analyzed yielding identical ages. MSWD values for all ana-
lyzed fractions range between 0.5 and 2.0 with one exception of sample 18928B (leucosome), fraction 250–
500 µm (MSWD = 0.25). SGTF ages of sample 17918E show the largest age scatter of grainsize 80–250 µm, 
ranging between 13.6 ± 2.4 and 21.5 ± 1.4 Ma with an outlier at 31.3 ± 6.2 Ma that is not overlapping with 
the corresponding WMA within uncertainty.
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Single-grain step heating (SGSH) analyses were obtained from grain-size fractions 1–2 mm (17918E) and 
0.5–1 mm (17801I and 18928B). Most step-heating analyses of single grains consisted of 5–9 heating steps 
resulting in well-defined plateau sections of consecutive steps comprising 55%–100% of 39Ar released. Four 
out of five grains from sample 17801I show age spectra that display slightly older ages within the first re-
spective heating steps. Initial 40Ar/36Ar ratios between 306.9 ± 2.8 and 312.9 ± 1.4 are slightly elevated with 
respect to the atmospheric 40Ar/36Ar composition. Inverse isochron ages were calculated for both SGTF- and 
SGSH analyses. For a comparison of the results, initial 40Ar/36Ar-ratios were plotted against the inverse 
isochron ages (Figure 11b). The SGTF inverse isochron ages show a larger scatter and display larger un-
certainties associated with the initial 40Ar/36Ar-ratio but are mostly identical to the SGSH inverse isochron 
ages within uncertainties. SGSH analyses of sample 17801I show the highest initial 40Ar/36Ar-ratios of up 
to 312.9 ± 1.4, followed by sample 17918E with values up to 302.1 ± 6.2. SGSH analyses of sample 18928B 
show initial 40Ar/36Ar-ratios of atmospheric composition and also the youngest inverse isochron ages of 
17.01 ± 0.07 to 17.21 ± 0.12 Ma for Bt and 17.16 ± 0.05 Ma for white mica.

4.5. Cross Section

We constructed a balanced NNE-striking cross-section, 100 km in length, across the most internal Dinaridic 
nappe contact between the Jadar-Kopaonik- and the Drina-Ivanjica nappes using the Move Suite (Petro-
leum Experts Ltd.; e.g., Egan et al., 1997). For simplicity, the obduction of the western Vardar ophiolites 
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Figure 5. (a and b) Outcrop 16422F near Bela Reka exposing injected migmatites, i.e., injected leucosomes in a melanocratic host rock. (c) Quartz 
mobilisations associated with the accumulation of white mica (Sample 16422F2 – used for step-heating dating). (d) Detailed view of samples 16422F1 and 
18928B. Asymmetric boudins and the nebulous occurrence of leucocratic material in the lower left. (e and f) Thin section micrographs of the leucosome and 
melanosome of the rock. Note that only relics of biotite are present in the leucosome. Both domains show mica fish and C′-type shear bands.
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in Late Jurassic times (Robertson et al., 2009) is not shown. The nappe 
contact between the Drina-Ivanjica- and the East-Bosnian-Durmitor 
thrust sheets is characterized by a long flat segment, followed by a ramp 
segment in the area of the Drina river (Figure 12). A similar geometry 
has been proposed by Nirta et al. (2020). Forward modeling of this Cre-
taceous-Paleogene shortening results in a minimum displacement of the 
Drina-Ivanjica thrust sheet of 70 km with SW-directed transport.

The breakaway fault of the extensional Cer detachment roots in the ex-
tensionally reactivated ramp segment of the nappe contact between the 
Jadar-Kopaonik- and Drina-Ivanjica thrust sheets and juxtaposes Early 
Triassic rocks in the hanging wall against Paleozoic strata in the foot-
wall (Figure 12). Two additional listric fault segments of the detachment 
system are located further north, of which the first juxtaposes Late Cre-
taceous carbonates against Early Triassic units. The second fault bounds 
Miocene sediments south of Cer against Late Cretaceous carbonates. 
The detachment reaches a depth of ∼7.5–8 km, based on estimations of 
the crystallization depth of the I-type Qz-monzodiorite (Figure  7, Sec-
tion 4.3). The flat segment of the extensional shear zone is presumably lo-
cated within pre-Devonian strata. It exhumed the plutonic rocks together 
with their greenschist-to lower amphibolite facies envelope of Devonian 
to Carboniferous age. A kinematic forward model was constructed to de-
termine the displacement along brittle structures during extension. Us-
ing the simple shear algorithm, the displacement along the breakaway 
fault and the two listric fault segments further north amounts to a total 
of 3.5  km, with a total horizontal offset of ∼2  km. Simple line-length 
balancing yields an additional 12 km of horizontal offset for the ductile 
shear zone (Figure 13).
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Figure 6. Detailed view of a deformed pegmatitic dike that intruded into 
the shear zone (for location see Figure 2). (a) Overview of sample 17801I. 
Compositional layering of Qz and Kfs forms the foliation. (b) Wall rock 
composed of amphibolite-grade metapelites developed C′-type shear 
bands. (c) Deformed white mica fish and C′-fabric indicate the top-N sense 
of shear. Qz shows dynamic recrystallization by grain boundary migration 
(GBM). Pl shows deformation twinning.
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Figure 7. Mineral chemistry of calcic amphiboles of two samples from the I-type granitoid used for thermobarometry after Ridolfi and Renzulli (2012). 
Left: XMg versus Si and Ca versus Al[4] diagrams. Right: Results of thermobarometric calculations of the same samples. A broad maximum exists at ∼2 kbar, 
constraining the crystallization depth to 7.5–8 km.
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5. Discussion and Interpretation
The concept of MCCs was originally developed for the Basin and Range Province in the North 
American Cordillera (e.g., Davis & Coney, 1979; Lister & Davis, 1989; Wernicke, 1985) and later 
applied to other regions, for instance, the core complexes in the Cycladic archipelago, located in 
the Aegean Sea (Lister et al., 1984). Cordilleran-type core complexes are characterized by several 
distinct structural features. These include (a) a mylonite zone below a low-angle detachment, 
which separates the metamorphic carapace surrounding the metamorphic core from unmeta-
morphosed strata, (b) homogenously oriented stretching lineations exclusively associated with 
identical transport directions, and (c) an overall extensional regime (e.g., Davis et al., 1980; Davis 
& Coney, 1979; Platt et al., 2015). Although the Cer massif might not be viewed as a MCC in the 
strictest sense, it shows striking similarities to Cycladic MCCs, where a close interconnection be-
tween magmatic activity and detachment faulting, as well as the reactivation of inherited thrust 
contacts, plays an important role during exhumation (Jolivet et al., 2010; Rabillard et al., 2018).

Cer MCC is one of the few places in the internal Dinarides that exposes such structures, including 
a ductile low-angle extensional shear zone associated exclusively with top-N transport and active 
in the early Miocene. Other locations characterized by a similar structural evolution include the 
Motajica and Prosara core complexes in the northwest (Ustaszewski et al., 2010), Fruška Gora 
(Toljić et al., 2013) to the north, and Kopaonik-Studenica (Schefer et al., 2011) in the south (Fig-
ure 2), where a significant amount of extension was accommodated by top-N transport.

5.1. Methodical Considerations

The age determination of different generations of minerals in a sample with a complex structural 
history by means of 40Ar/39Ar geochronology is a challenging task and as bulk sample fusion 
methods may lead to mixed-age signals containing several mineral growth generations, the focus 
has shifted toward single-crystal dating (e.g., Uunk et al., 2018; Wijbrans et al., 1990) and in situ 
UV-laser-probe dating (e.g., Kelley, 2002; Schneider et al., 2013). 40Ar/39Ar in situ geochronology 
provides a powerful tool when it comes to the determination of inter- and intra-granular age 
variations of potassium-bearing minerals while maintaining structural control of a sample. The 
amount of radiogenic Ar liberated by an ablation spot depends on the ablation volume, age, and 
K-content of the mineral of interest and is much smaller compared to single- or multi-grain step 
heating techniques, which make use of the whole grain(s), thus resulting in lower signal intensi-
ties and therefore larger uncertainties. In addition, the potential lack of atmospheric correction 
due to undetectable 36Ar complicates the interpretation of ages. Therefore, we additionally sep-
arated individual grains and dated several grain-size fractions by the multiple single-grain total 
fusion (SGTF). Nevertheless, SGTF measurements lack the ability to gather information about 
intra-granular age information that may indicate growth or diffusion as well as information 
about the local kinematic background (pre- or synkinematic) of a grain. However, in contrast to 
multi-grain step heating, multiple SGTF is able to resolve different age populations in a sample 
if it is assumed that argon loss and contributions from excess argon can be neglected. For some 
samples, we therefore applied single grain step heating (e.g., Wijbrans et al., 1990) that combines 
the advantages of the multi-grain step heating technique, i.e., detection of argon loss and excess 
argon, with the ability to resolve different mineral age generations within a sample.

Our approach combining multi-grain step heating, multiple single grain total fusion/step heat-
ing, and in situ ablation on different grain size fractions of deformed samples from the shear 
zone enables us to resolve a maximum of information and to cross-check the individual results 
on their internal consistency.

5.1.1. Closure Concept and Diffusion

The closure temperature concept (Dodson, 1973) states that when a mineral cools below a spe-
cific temperature (closure temperature Tc), the diffusion rates in minerals of interest become 
insignificant even in geological time scales, meaning in the case of argon isotopes the system 
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is “closed” and neither gains (i.e., excess Ar) nor loses 40Ar, and hence all radiogenic Ar is retained in 
the crystal. When a mineral has not yet cooled below Tc, radiogenic 40Ar is either merely retained par-
tially or, at higher temperatures, completely lost, leading to a resetting of the Ar-isotopic system (Dod-
son,  1973). The closure temperature depends on the cooling rate of a mineral and the effective grain 
size. For instance, a muscovite grain with a radius of 100 µm cooling at a rate of 10°C/Ma at 5 kbar has a 
corresponding closure temperature of 405°C (Harrison et al., 2009). For Biotite, a closure temperature of 
290°C–320°C is reported (Grove & Harrison, 1996; Schaen et al., 2020), depending also on the geochemi-
cal composition. Hornblende of equal dimensions cooling at a rate of 10°C/Ma has a closure temperature 
of 510°C (Harrison, 1982). The dominant process governing the mobility of Ar is by volume diffusion, 
which strongly depends on the temperature, although crystal defects, as well as subgrain boundaries, can 
serve as fast-diffusion pathways (Lee, 1995). Diffusion can either lead to Ar loss, i.e., migration of 40Ar out 
of the grain, for example through percolating intra-granular fluids, or to excess argon (Kelley, 2002) that 
can originate from older K-bearing minerals and is subsequently incorporated in the mineral of interest 
(Kuiper, 2002). Other processes that lead to the complete reset of the Ar-isotopic system are fluid-assisted 
processes and recrystallization.
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Figure 8. Rank order plots with weighted mean ages (WMA) and inverse isochron plots of white mica (sample 16422F1) obtained by in situ laser ablation 
dating. Analytical uncertainties are shown on a 95% confidence level. MSWD, mean square of weighted deviates. (a) Data with and without atmospheric 
correction due to 36Ar signals below the detection limit. The lack of atmospheric correction leads to a weighted mean age that is significantly older than the 
WMA of aliquots corrected for atmospheric Ar. (b) Inverse isochron plot of the same spot analyses as shown in (a) of the leucosome. (c and d) WMA and IIA 
plot of white mica of the melanosome.
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5.1.2. Validity of the Data

In order to cross-check the results of the individual dating methods on their internal consistency, in situ, 
SGTF and SGSH analyses obtained on samples 16422F1 and 18928B (Figure 5d), which come from the same 
outcrop, were compared. In general, all methods yield ages identical within uncertainty. Furthermore, in 
situ analyses revealed no systematic intra-granular age variations, indicating that Ar-mobility by diffusion 
and the role of excess Ar are minor. The same holds for SGSH analyses. White mica and biotite show no signs 
of excess argon or Ar loss, indicated by undisturbed age spectra (Figure S2). Inverse isochron ages of biotite 
range between 17.01 ± 0.21 and 17.21 ± 0.52 Ma with an initial 40Ar/36Ar ratio between 297.2 ± 6.5 and 
300.0 ± 5.5. WM yields an inverse isochron age of 17.16 ± 0.10 with an initial 40Ar/36Ar ratio of 301.2 ± 1.2 
(Figures 11b and S1). These ages are identical to those obtained by the in-situ technique. SGTF analyses 
of sample 18928B yield grain size dependent WMAs of 17.23 ± 0.14 and 17.14 ± 0.04 Ma for white mica 
and 17.11 ± 0.24 Ma and 17.03 ± 0.12 Ma for biotite (Figure 11). The age distribution is unimodal, which 
indicates that Ar-mobility affected all grains equally and only one generation of mica growth is present.

5.2. Evolution of the Cer Massif

A conceptual model combining our field observations with geochronological results is shown in Figure 13. 
The concept involves a simple, balanced forward model that accounts for Late Cretaceous shortening and 
Oligo-Miocene extension (Figure 13). Time step 1 depicts the evolution of the Adriatic margin during Late 
Cretaceous nappe-stacking: the Jadar-Kopaonik composite nappe is thrust onto the Drina-Ivanjica nappe, 
followed by the in-sequence emplacement onto the East Bosnian-Durmitor thrust sheet (e.g., Schmid 
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Figure 9. Examples of intra-granular dating of white mica from the low-angle shear zone (sample 16422F1) with BSE images showing spot sites (top row; 
filled: with atmospheric correction, empty: no atmospheric correction due to 36Ar signal below detection limit) and inverse isochron plots and weighted mean 
ages (middle and bottom row, respectively). Note that the ages without atmospheric correction (white bars in (i)) are slightly older (too much 40Ar) and have 
lower uncertainties (no propagation of the uncertainty of the 36Ar signal into the final age).
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Figure 10. Age spectra and inverse isochron plots of step-heating experiments. (a and b) White mica from a boudined leucosome of the low-angle shear zone 
(16422F2 – Figure 4c). (c and d) White mica from an undeformed S-type granite below the shear zone (18925H). (e and f) Amphibole from I-type granitoid 
(18926C2). (g and h) Recalculation of the age spectrum in (e) with an initial 40Ar/36Ar-ratio of 316 ± 11, determined by the inverse isochron through the first 
four steps (h). (i and j) Biotite from the same sample (18926C2). The age spectrum indicates Ar-loss for the low-temperature steps.
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et al., 2020), which likely led to the development of the layer-parallel foliation s1. Step 2 shows the situa-
tion after the shortening had migrated into the external Dinarides (not pictured). This was followed by the 
Oligocene emplacement of the I-type intrusion of Cer, which in turn led to a local rotation of s1 into a sub-
vertical orientation. The onset of the extension during the early Miocene (step 3) involved the extensional 
reactivation of the ramp segment of the formerly contractional contact between the Jadar-Kopaonik and the 
Drina-Ivanjica nappes. Further extension led to the formation of three listric fault segments, which root in 
an extensional low-angle shear zone at a depth of ∼7–8 km (steps 4–5). Continued crustal extension (step 
6) induced warping of the exhuming middle crust into a dome (e.g., Wernicke, 1985), associated with the 
emplacement of S-type melts (e.g., Lister & Baldwin, 1993). Such structures have also been observed in the 
Pannonian Basin, for example in the Great Hungarian Plain, where the WNW part of the Derecske subbasin 
exhumes Mesozoic metamorphic rocks (Balázs et al., 2016); as well as in the Pohorje dome at the western-
most margin of the Pannonian Basin (Fodor et al., 2020). The driving forces responsible for the exhumation 
of Cer are ambiguous but might involve isostatic reequilibration of hot mantle lithosphere due to tectonic 
denudation (Lister & Davis, 1989; Wernicke, 1985) or lower crustal flow (Block & Royden, 1990).

Thermobarometry on I-type Qz-monzodiorite samples indicates a crystallization depth of 7–8 km, which 
also constrains the depth of the mylonitic shear zone, given the fact that it affected the top of the I-type 
intrusion, while the central part appears undeformed. The depth of 7–8 km likely corresponded to ambient 
temperatures of c. 210°C–240°C in the country rocks, assuming that the regional geotherm was not par-
ticularly elevated, as the age of the I-type intrusion predates rifting in the Pannonian Basin by c. 10–12 Ma. 
As quartz shows recrystallization by subgrain rotation, indicating at least 400°C during deformation (Stipp 
et al., 2002a), an elevated geothermal gradient of up to 50°C/km must have prevailed during subsequent 
deformation, facilitating ductile deformation. This local restriction of ductile deformation has also been 
described for the Tonale fault zone in the Italian Alps (Stipp et al., 2002b) and for instance in the Colorado 
River extensional corridor (Lister & Baldwin, 1993; Reynolds & Lister, 1990).

Cooling of the I-type intrusion by conductive heat transfer into the surrounding host rocks led to an amphi-
bolite-grade contact metamorphic overprint, resulting in the formation of staurolite, metamorphic garnet, 
hornblende, and clinopyroxene. The growth and subsequent rotation of andalusite-blasts from the shear 
zone at the western margin of the pluton (Figures 2 and 4i) indicates ongoing deformation during a later 
stage of the metamorphic evolution.

At c. 25.4  Ma, the I-type intrusion cooled below ∼500°C, as demonstrated by our Hbl-age (Figures  10g 
and 10h). Biotite of the same sample yields an inverse isochron age of 17.4 ± 0.3 Ma. The intrusion of the 
S-type granite before 16.6 Ma led to a thermal overprint of parts of the I-type qtz-monzodiorite. This is ap-
parent from the age spectra of Hbl and Bt (18926C2; Figures 10g–10j). The age spectrum of biotite shows 
signs of Ar-loss with the first 5 steps considerably younger than the WPA, indicating that Ar was mobilized 
and removed from the outer parts of the mineral grains. The thermal overprint lasted not long enough 
to completely reset biotite, as indicated by the well-defined plateau (Figure 10i, steps 6–18). The thermal 
impulse of the S-type intrusion was followed by local cooling, indicated by an Ar-Ar SH white mica age of 
16.66 ± 0.25 Ma (IIA Wm, Figure 10d). Cooling ages obtained on white mica from the S-type granite are 
compatible with published K-Ar ages of white mica ranging between 15.96 ± 0.64 and 16.48 ± 0.65 Ma 
(Koroneos et al., 2011). Ductile deformation in the shear zone accommodated during top-N transport is 
indicated by shear sense indicators such as sigma-clasts and C′-type shear bands that developed in both 
the mylonitic metapelites and the intrusive rocks (I- and S-type). Ages obtained on these rocks are slightly 
older compared to the undeformed footwall. Ductile deformation accommodated by the extensional shear 
zone lasted until late Early Miocene, constrained by the youngest Ar-ages obtained on shear zone rocks at c. 
17 Ma (Figure 11b). Similar ages for white mica and biotite indicate fast cooling below the respective closure 
temperatures, facilitated by tectonic exhumation.

A step heating inverse isochron age of 16.35 ± 0.57 Ma obtained on white mica associated with Qz mobi-
lisates (Figure 5c; 16422F2) indicates a longer duration of hydrothermal activity, which also explains the 
initial 40Ar/36Ar-ratio of 350 ± 45 (1σ). This deviates significantly from the atmospheric composition due to 
the incorporation of excess-Ar. A sample with an elevated initial 40Ar/36Ar-ratio is 17801I (Figures 11b), a 
pegmatite that intruded the shear zone. SGSH age spectra indicate that Ar trapped in the respective crystals 
has a component of excess Ar. Pegmatites are usually associated with increased amounts of hydrothermal 
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fluids that are able to carry extraneous Ar, which is then incorporated into the growing minerals. Contem-
poraneous deformation created additional intra-granular pathways for the Ar-transporting fluids.

Zircon and apatite fission track data (16.5–16.1  Ma and 14.4  Ma, respectively; Stojadinovic et  al.,  2017; 
Ustaszewski et al., 2010) of samples located near or within the shear zone yielded older ages in comparison 
to samples from the footwall, i.e., the undeformed portion of the intrusion (15.1 Ma for Zr and 12.5 Ma for 
Ap; Figure 14a).

5.3. Regional Implications

N-S-extension of Early Miocene age led to extensional reactivation of the ramp segment of the Cretaceous 
nappe contact separating the Jadar-Kopaonik and Drina-Ivanjica thrust sheets (Figures 12 and 13). This 
segment forms the structurally deeper part of the break away fault of the detachment. The Drina-Ivanjica 
thrust sheet only shows minor folding of Paleozoic strata, which can be attributed to earlier shortening 
during Late Cretaceous SW-vergent nappe-stacking. Restoration of the nappe structure by stepwise removal 
of extensional deformation yields a nearly perfect flat-ramp-flat geometry (Figures 12 and 13).

An equivalent to the Cer MCC can be found in the Kopaonik-Studenica region (Figure  1), where rocks 
comprising Paleozoic to Mesozoic metapelites up to amphibolite-grade of the Jadar-Kopaonik composite 
nappe (Schefer et al., 2010) were exhumed in Early Miocene times, along with Oligocene (31.77–30.70 Ma) 
I-type and Miocene (20.6–17.7 Ma) S-type granitoids (Schefer et al., 2011). Here, the emplacement of the 
S-type granite during N-S-directed extension preceded a phase of rapid cooling between 16 and 10 Ma due 
to exhumation of the core complex (Schefer et al., 2011).

Miocene extension has also been observed in more external parts of the Dinarides, for instance in the Ibar- 
and Sarajevo-Zenica basins in the vicinity of Sarajevo in Bosnia and Hercegovina (Andrić et al., 2015, 2017) 
and in the southern external Dinarides (Van Unen et al., 2019). Records of extension in the Sarajevo-Ze-
nica region are restricted to the basin, where the deposition of syn-rift sediments started in the Lower 
to Middle Miocene, associated with syn-depositional normal faulting during NE-SW extension (Andrić 
et al., 2017). Ages derived from magneto-biostratigraphy date the onset of extension-related sedimenta-
tion to 17.2 Ma (Sant et al., 2018). In a more internal position, within the Sava suture zone, the onset of 
the extension was dated to 25 to 21 Ma (Ustaszewski et al., 2010). The process triggering Oligo-Miocene 
extensional deformation in the internal Dinarides is still under debate. Schefer et al.  (2011) proposed a 
model involving the removal of mantle lithosphere by mantle delamination to account for a “slab gap” un-
derneath the external Dinarides (Handy et al., 2015; Subašić et al., 2017) and to explain the emplacement 
of Oligocene magmatic, partly ultrapotassic rocks with mantle affinity (Cvetković et  al.,  2007; Prelević 
et al., 2005). Evidence in favor of this model was provided by Casale et al. (2013), who showed that the 
Mid-Bosnian Schist Mountains, located further externally with respect to Cer, also represent a MCC that 
was exhumed between 43 and 27.5 Ma, with rapid cooling occurring between 35 and 27 Ma—coincident 
with the timing of slab-breakoff and subsequent mantle delamination proposed by Pamić et al. (2002) and 
Schefer et al. (2011). This hypothesis is further supported by evidence for regional uplift during Oligocene 
times (Balling et al., 2021).

Considering these geochronological and kinematic observations, we conclude that there were differing 
processes triggering the exhumation of MCCs across the Dinaric orogen. Exhumation of Oligocene core 
complexes, such as the Mid-Bosnian Schist Mountains (Casale et al., 2013) was rather triggered by delam-
ination of the Adriatic mantle lithosphere beneath the external part during early Oligocene times. This 
delamination presumably led to the formation of melts originating from the lower crust and the emplace-
ment of such rocks of I-type composition in the middle crust (Schefer et al., 2011). The exhumation of 
early Miocene core complexes in the internal part of the Dinarides, however, was the result of the roll-back 
of the European slab beneath the Carpathians. The latter process is overall responsible for the opening 
of the Pannonian Basin. This view is supported by the fact that the overall amount of extension seems to 
decrease toward the external Dinarides, where it is restricted to early Miocene sedimentary basins, while 
in the internal Dinarides much larger amounts of the extension were recorded by the exhumation of 
mid-crustal core complexes. Furthermore, the proposed rollback of the Adriatic slab, previously suggested 
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Figure 11. (a) Rank order plots of single-grain total fusion ages obtained on white mica and biotite for different grain sizes. WMA, weighted mean age 
(confidence interval = 95%, corresponding to 1.96σ); MSWD, mean square of weighted deviates. Empty bars are outlier which was excluded from the 
calculation of the weighted mean ages. Dashed curves show the corresponding Kernel density estimates. (b) Initial 40Ar/36Ar-ratios of single-grain total fusion 
(SGTF; same data as in [a], inverse isochron plots in Figure S1) and single-grain step-heating experiments (SGSH; Figure S2). Inset: same plot type as (b), but 
for single-grain in situ measurements (SGIS) of 5 WM grains.
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Figure 13. Conceptual kinematic model along an SSW-NNE-oriented transect, illustrating the evolution of the most internal part of the Dinarides since early 
Late Cretaceous times, post-dating the obduction of the western Vardar ophiolites. These ophiolites are considered the uppermost part of the respective thrust 
sheets. Red arrows and lines depict areas of active deformation; black lines those of inactive deformation. (1) Thrusting of Jadar-Kopaonik unit onto Drina-
Ivanjica (DI) unit. (2) In-sequence thrusting of DI onto the East Bosnian-Durmitor (EBD) unit. (3) Emplacement of I-type intrusion at ∼32 Ma. Early Miocene 
onset of extension (Pannonian Basin peak extension at ∼19 Ma, see text) with reactivation of the ramp segment of the former thrust contact as a low-angle 
normal fault. (4–5) Continuing extension along listric normal faults rooting in a flat detachment along the former thrust plane. (6) Denudation and isostatic 
uplift of continental crust followed by the intrusion of the S-type granite. Continuing exhumation of Cer MCC.
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as the driving force for Middle Miocene extension (Matenco & Radivojević, 2012) is rather likely to have 
happened in Oligocene times instead, as it pre-dates large-scale N(NE)-S(SW) Early Miocene extension in 
the internal Dinarides, which we consider to be linked to the rollback of European lithosphere underneath 
the Carpathians.

6. Conclusions
Our results show that the opening of the Pannonian Basin in response to slab-retreat underneath the Car-
pathian orogen also affected the Dinarides. The extension was most pronounced in the internal Dinarides 
and involved the reactivation of former suturing thrusts of the Sava zone as low-angle detachments, shown 
by Ustaszewski et al. (2010). We now show evidence that Miocene extension in the Pannonian Basin also 
affected the distal Adriatic margin, where the reactivation of nappe contacts as low-angle detachment sys-
tems resulted in the exhumation of mid-crustal core complexes such as Cer MCC at ∼17–18 Ma. A possible 
slab detaching from the Adriatic plate with subsequent mantle delamination can be ruled out as the driving 
factor, as it pre-dates early Miocene extension.

We demonstrated the applicability of multi-technique 40Ar/39Ar geochronology to decipher the activity of 
a ductile shear zone and its footwall by means of differences in the respective ages. The single-grain total 
fusion technique is a valuable tool to differentiate several mineral growth generations, as long as processes 
that mobilize Ar, leading either to Ar-loss or to excess-Ar, can be ruled out. In the case of samples, where 
these processes cannot be excluded, it is advised to use step heating on single grains rather than on “con-
ventional” mineral concentrates to obtain more reliable age information, or—alternatively—the in situ ap-
proach. Our SGTF results showed no evidence for several mica generations in the deformed rocks of the 
shear zone, meaning that step heating ages of these rocks are reliable.

Data Availability Statement
All data sets compiled for this study as well as the supplementary material can be accessed at https://zeno-
do.org/record/4678734.
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Figure 14. (a) Geochronological data from the Cer massif, own data, and published ones, with data from the shear zone in solid boxes and the undeformed 
footwall in dashed boxes. WMA, weighted mean age; IIA, inverse isochron age; L, leucosome; M, melanosome. (b) Interpretative P-T-t path of the Cer Massif 
and surrounding metamorphic rocks. Intrusion of the I-type granitoid at ∼32 Ma is followed by isobaric cooling until (c) 20 Ma and final cooling by tectonic 
denudation.
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