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A B S T R A C T   

Highly curved orogens often demonstrate a complex poly-phase tectonic evolution and significant strain parti
tioning. While the oroclinal bending towards the outer arc is understood to be often driven by rapid slab roll- 
back, processes driving such bending towards the back-arc domain are less understood. The Serbian segment 
of the larger, highly bended Carpathians–Balkanides Mountains is one key example where we studied the ki
nematics of nappe stacking and the mechanics of oroclinal bending by the means of a field kinematic study 
correlated with available information in adjacent orogenic segments. Although not apparent in the large-scale 
structure of the Serbian Carpathians, our results demonstrate a poly-phase evolution, where the late Early 
Cretaceous nappe stacking was followed by Oligocene–middle Miocene ~40◦ of clockwise rotations. The su
perposition of Dinarides extension with the oroclinal bending in the Carpathians created overlapping stages of 
orogen-perpendicular extension and dextral strike-slip coupled with orogen-parallel extension, driven by the 
100 km cumulated offset of the Cerna and Timok Faults. Extension was associated with the formation of Oli
gocene–Miocene basins, providing critical timing constraints for our kinematic study. These deformations were 
followed by the late Miocene E-ward thrusting of the Upper Getic sub-unit, which was driven by a transfer of 
deformation in the orocline and around the Moesian Platform during the last stages of Carpathians collision. 
These results show that the mechanics of oroclinal bending is associated with the activation of strike-slip faults 
and strain partitioning by bi-modal extension, enhanced by the overlap between different geodynamic processes.   

1. Introduction 

The formation of highly arcuate orogenic systems has been docu
mented in numerous worldwide studies, such as in the Altai and Alborz 
Mountains, New England Orogen, Dun Mountain Ophiolite Belt, South 
Andes, Ouachita Orogen, or the various mountain chains composing the 
Mediterranean area (e.g., Calignano et al., 2017; Edel et al., 2014; Li and 
Rosenbaum, 2014; Lonergan and White, 1997; Mattei et al., 2017; 
Meijers et al., 2010; Mortimer, 2014; Pastor-Galán et al., 2015; Rose
nbaum, 2012, 2014; Torres Carbonell et al., 2016; Vergés and Fernàn
dez, 2012; Xiao et al., 2018). These studies have demonstrated that the 
formation of highly arcuate orogenic systems may be related to a 
number of processes influenced by inherited rheological heterogene
ities, such as the variability of deformation in orogens influenced by slab 
roll-back or slab tearing mechanics, lithospheric folding or lateral 

variations in the geometry of plate boundaries and rigid indenters (e.g., 
Calignano et al., 2017; Hollingsworth et al., 2010; Pastor-Galán et al., 
2012; Rosenbaum, 2014; Zweigel et al., 1998 and references therein). 
These highly curved orogens are sometimes referred as oroclines, which 
acquired their curvature during and/or after the main orogenic process, 
or by subsequent bending of a primary arc (e.g., Carey, 1955; Cifelli 
et al., 2008; D’el-Rey Silva et al., 2011; Johnston et al., 2013; Platt et al., 
2003; Rosenbaum, 2014). The term strain partitioning has been used in 
many different ways at different spatial scales (e.g., Carreras et al., 2013; 
Lister and Williams, 1983), from large strike-slip faults parallel to sub
duction zones accommodating oblique convergence (e.g., Fitch, 1972; 
Platt, 1993), coeval pure-shear and simple-shear strain that accommo
date zone-perpendicular and zone-parallel deformation, respectively 
(Fossen et al., 1994; Jones and Tanner, 1995), or a multi-scale distri
bution of bulk strain to different genetic types of coeval structures that 
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cannot be defined by a uniform stress field (e.g., Benesh et al., 2014; 
Cembrano et al., 2005; D’el-Rey Silva et al., 2011; De Vicente et al., 
2009; Glen, 2004; Krézsek et al., 2013). We adopt the latter, more 
general meaning of strain partitioning to describe coeval structures of 
different genetic type associated with oroclinal bending. 

In all situations, oroclinal bending is associated with large amounts 
of strain partitioning in various segments of the orocline, which makes it 
difficult to use standard field kinematic approaches based on the con
sistency of strain or paleostress directions along the orogenic strike (e.g., 
D’el-Rey Silva et al., 2011; Glen, 2004; Lacombe, 2012; Li et al., 2018; 
Pastor-Galán et al., 2011; Ries and Shackleton, 1976). Oroclinal bending 
towards the outer arc (the convex side oriented towards towards the 
foreland, i.e. herewith defined foreland-convex) displays significant 
strain partitioning during orogenic thrusting and backarc extension, 
being driven often by slab retreat, as commonly observed in the Apen
nines, Betics–Rif, Hellenides or Carpathians orogens of the Mediterra
nean system (Fig. 1a, e.g., Faccenna et al., 2004; Jolivet et al., 2013). 
The formation of such oroclines is also associated with orogen-parallel 
extension and the evolution of large-scale strike-slip systems (e.g., 
Gutiérrez-Alonso et al., 2015; Martínez-García et al., 2013; Roldán et al., 
2014), which potentially compete with backarc, orogen-perpendicular 
extension driven by slab retreat and coeval shortening mechanics (e. 
g., Faccenna et al., 2014; Menant et al., 2016a, 2016b). However, the 
interplay between these processes is less understood due to their genetic 
separation in different locations across the strike of the orogen and the 
complexity of kinematics in oroclinal bending. This lack of knowledge is 
particularly valid in places where oroclinal bending takes place towards 
the backarc (Fig. 1a, the convex side towards the backarc, i.e. herewith 
defined backarc-convex). 

One of the best examples of oroclinal bending in Mediterranean 
orogens is the double 180◦ arcuate loop of the Carpathians–Balkanides 
orogenic system. While the foreland-convex orocline segment composed 
of the West, East and South Carpathians formed in direct response to the 
Paleogene–Miocene slab retreat, the backarc-convex orocline segment 
composed of the Balkanides, Serbian and South Carpathians formed 
during coeval rotations and docking against the Moesian Platform 
(Fig. 1; e.g., Maţenco, 2017; Ratschbacher et al., 1993). The formation of 
this exceptional orocline was associated with opposite sense rotations of 
the two main continental blocks that make up the upper tectonic plate (i. 
e., ALCAPA and Tisza–Dacia mega-unit; Fig. 1a) during the gradual 
Cretaceous–Miocene closure of the external Carpathians embayment by 
subduction and collision (e.g., Csontos and Vörös, 2004; Horváth et al., 
2015). The Cretaceous formation of the Carpathian thick-skinned nappe 
stack was followed by a gradual clockwise rotation and N-, NE- to E- 
ward translation of the Tisza–Dacia mega-unit (e.g., Balla, 1987; Cson
tos, 1995; Márton, 2000; Pătraşcu et al., 1994; Panaiotu and Panaiotu, 
2010; Ustaszewski et al., 2008). In respect to the stable European units 
situated in the foreland of the Carpathians, this Tisza–Dacia mega-unit 
underwent up to 90◦ of clockwise rotations during post-Cretaceous 
times (Pătraşcu et al., 1990, 1992, 1993; Panaiotu and Panaiotu, 
2010), of which 15◦-30◦ was achieved during post-middle Miocene 
times (de Leeuw et al., 2013; Dupont-Nivet et al., 2005). The amount of 
clockwise rotation decreases southwards to no significant rotations in 
the Balkanides during the Cenozoic (van Hinsbergen et al., 2008). In the 
studied segment of the Serbian Carpathians, available paleomagnetic 
data suggest only ~25◦ clockwise rotation during post-Cretaceous times 
(Lesić et al., 2019 and references therein), while structural in
terpretations have inferred 10◦ clockwise rotation during post- 
Oligocene times (Marović et al., 2002). The neighbouring segment of 
the Dinarides orogen recorded 34◦-46◦ clockwise rotations during post- 
early Miocene times (Lesić et al. (2019). 

These rotations and translations were associated with Eocene–early 
Miocene orogen-parallel extension and ~ 100 km of dextral strike-slip 
offset along the curved Cerna–Jiu and Timok faults system in the 
South and Serbian Carpathians, and a gradual transtensive opening of 
basins in their foreland, which was accommodated by coeval shortening 

in the East Carpathians (Fig. 1b; Fügenschuh and Schmid, 2005; Krézsek 
et al., 2013; Matenco and Schmid, 1999; Schmid et al., 1998). All these 
large-scale movements were partly coeval with the Oligocene–Miocene 
orogen perpendicular back-arc extension recorded by the Tisza–Dacia 
part of the larger Pannonian Basin and its southern prolongation along 
the Morava Valley Corridor (e.g., Figs. 1b, 2; Balázs et al., 2016; Erak 
et al., 2017; Horváth et al., 2006; Toljić et al., 2013). This prolongation 
presently separates the orogenic structure of the Dinarides from the one 
of the Carpathians (Fig. 1b). The Pannonian Basin extension was fol
lowed by an overall N- to NE- ward indentation of the Adriatic conti
nental microplate that inverted the southern part of the Pannonian Basin 
starting with the latest Miocene (e.g., Matenco and Radivojević, 2012; 
Pinter et al., 2005). This overall evolution infers the juxtaposition of 
orogen-perpendicular extension, orogen-parallel extension and strike- 
slip deformation in the area of the Morava Valley Corridor and the 
adjacent N-S oriented segment of the Serbian Carpathians (Figs. 1 and 2; 
e.g., Erak et al., 2017). Furthermore, this is the same area where 
orogenic extension driven by eduction or roll-back in the Dinarides 
system has been inferred (Andrić et al., 2018; Matenco and Radivojević, 
2012). In this overall framework, the evolution of the Serbian Carpa
thians segment is still less constrained, although available structural and 
paleomagnetic studies indicate that its oroclinal bending connected with 
the Balkanides and the South Carpathians was largely achieved during 
the Oligocene–Miocene (e.g., Csontos et al., 1992; Márton, 2000; Márton 
et al., 2007; de Leeuw et al., 2013). More recent regional paleostress 
reconstructions indicate a stress field with variable orientations that 
formed during the gradual clockwise rotation around the Moesian 
Platform (Mladenović et al., 2019). However, how such a variable stress 
field is linked with the mechanics of regional and local deformation 
during the clockwise Carpathians rotation and the formation of exten
sional intra-montane and back-arc basins remains unclear. 

We aim to understand the relationship between nappe stacking, 
orogen-perpendicular and orogen-parallel extension associated with 
strike-slip deformation during the backarc-convex oroclinal bending of 
the Carpathians–Balkanides Mountains. To this aim, we have performed 
a kinematic field study in the internal part of the Serbian Carpathians 
near their contact with the Dinarides, which is the key area of inter
ference between the orogen-parallel and orogen-perpendicular exten
sion. Our study is correlated with the evolution of Oligocene - Miocene 
basins, together with orogenic nappe stacking kinematic and timing 
constraints available in more external areas of the Serbian Carpathians 
and the neighbouring areas of the Dinarides, Morava Valley Corridor, 
South Carpathians and Balkanides (Fig. 1). The results are discussed in 
the context of the regional evolution of Carpathians–Balkanides and 
Dinarides orogenic systems and in terms of strain partitioning during 
oroclinal bending. 

2. Tectonic evolution of the Serbian Carpathians and associated 
sedimentary basins 

The Serbian segment of the Carpathians–Balkanides forms part of the 
larger Europe-derived Dacia tectonic mega-unit (Fig. 1b). This segment 
is located in the area of interference between the nappe stacking 
recorded by two orogenic systems that formed during the closure of two 
oceanic realms, i.e. the Ceahlău–Severin branch of the Alpine Tethys 
Ocean and a northern branch of the Neotethys Ocean (e.g., Schmid et al., 
2008, 2020). 

2.1. The Cretaceous–Eocene tectono-stratigraphy and associated 
magmatism 

The Ceahlău–Severin branch of the Alpine Tethys Ocean, whose 
remnants outcrop east and north of the studied area (Figs. 1 and 2), 
opened during the Middle Jurassic and was closed by Cretaceous sub
duction and collision, while its remnants were further deformed during 
Late Cretaceous–Miocene times (e.g., Maţenco, 2017; Schmid et al., 
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Fig. 1. a) Simplified image of Mediterranean orogens formed during Mesozoic - Cenozoic times, displaying suture zones, orogenic fronts and retro-wedges (inspired 
from van Hinsbergen et al., 2020). Dashed red lines are oroclines. FC = foreland-convex orocline; BC - backarc-convex orocline; Red rectangle shows the location of 
Fig. 1b. b) Regional tectonic map of the area connecting the Dinarides and South Carpathians showing the main tectonic units (modified after Schmid et al., 2008, 
2020). Blue rectangle shows the location of Fig. 2, the black rectangle indicates the locations of Figs. 5, 7, 8 and 10. Extension directions are plotted after Andrić et al. 
(2017), Erak et al. (2017), Fügenschuh and Schmid (2005), Kounov et al. (2011), Matenco and Radivojević (2012), Mladenović et al. (2015), Porkoláb et al. (2019); 
Schefer (2012), Stojadinovic et al. (2013, 2017) and Toljić et al. (2013). TF-Timok Fault; CF-Cerna Fault. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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Fig. 2. Tectonic map of the Serbian Carpathians and adjacent areas of the South Carpathians and Balkanides showing the regional fault kinematics (compiled and 
modified after Basic geological map of former Yugoslavia, scale 1:100.000 and Maţenco, 2017). Isolines in Cenozoic basins indicate pre-Cenozoic basement structure 
(compiled after Balázs et al., 2016 and Matenco and Radivojević, 2012). Isoline numbers are in kilometres. Black rectangle indicates the position of Figs. 5, 7, 8 and 
10. TF-Timok Fault; CF-Cerna Fault. Intramontane basins: 1-Bozovici Basin, 2-Sicheviţa Basin, 3-Donji Milanovac Basin, 4-Orşova Basin, 5-Rakova Bara Basin, 6- 
Kučevo Basin, 7-Žagubica Basin, 8-Senje–Resava Basin, 9-Panjevac Basin, 10-Bogovina Basin, 11-Krivi Vir Basin, 12-Timok Basin, 13-Knjaževac Basin, 14-Sokobanja 
Basin, 15-Svrljig Basin, 16-Bela Palanka Basin, 17-Zaplanje Basin, 18-Babušnica Basin, 19-Pirot Basin. Inset: Segment of a seismic cross-section of Matenco and 
Radivojević (2012), showing syn-sedimentary faults in the Morava Valley Corridor. 
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2008). To the east, the stable European foreland is made up by the 
Moesian Platform in the area adjacent to the South and Serbian Carpa
thians (Fig. 1, Săndulescu, 1988; Visarion et al., 1988). In this segment 
of the orogen, the Cretaceous closure by subduction and subsequent 
collision of the Ceahlău–Severin Ocean was associated with two main 

stages of shortening that created the presently observed nappe stack. 
The initial late Early Cretaceous thrusting (~100–110 Ma, ‘Austrian’ 
event in local literature) of the Supragetic unit was followed by the latest 
Cretaceous thrusting (late Campanian–early Maastrichtian, ~75–67 Ma, 
‘Laramian’ event in local literature) of the Getic unit and the formation 

Fig. 3. Tectono-stratigraphic columns of Supragetic, Upper Getic and Lower Getic sub-units in the studied area (compiled and correlated after Basic geological map 
of former Yugoslavia, scale 1:100.000). Purple half arrow indicates the late Early Cretaceous shortening and nappe-stacking that created the Supragetic thrust, while 
blue and red half arrows illustrates Miocene normal faulting and thrusting, respectively, of the Upper Getic thrust. Stratigraphic age of the units is indicated by the 
symbols on the left side of each column (PR-Proterozoic; Cm-Cambrian; O-Ordovician; S-Silurian; D-Devonian; C3-Upper Carboniferous; P-Permian; T1-Lower 
Triassic; T2-Middle Triassic; T3-Upper Triassic; J2-Middle Jurassic; J3

1+2-Oxfordian-Kimmeridgian; J3
3-Tithonian; K1

1-3-Berriasian-Hauterivian; K1
4,5-Barremian-Aptian; 

K1
5-Aptian; K1

6-Albian). Numbers on the right side of each column represent the maximal thickness of units in meters. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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of a Danubian nappe stack derived from the margin of the Moesian 
Platform (e.g., Csontos and Vörös, 2004; Iancu et al., 2005a; Neubauer, 
2015; Săndulescu, 1988; Seghedi et al., 2005). These events were coeval 
with significant exhumation of the entire nappe stack, well quantified by 
thermochronological studies in the South Carpathians (e.g., Bojar et al., 

1998; Fügenschuh and Schmid, 2005; Neubauer and Bojar, 2013; Will
ingshofer et al., 1999). 

The Supragetic unit exposes a metamorphic basement made up of a 
Neoproterozoic–Silurian volcano-sedimentary sequence meta
morphosed dominantly in greenschist to sub-greenschist facies in the 

Fig. 4. Geological cross sections across the studied area. Cross sections are built following the field observations and results of this study. Surface to depth projection 
is based on the field kinematic data from this study and the Basic geological map of former Yugoslavia, scale 1:100.000. Colors of half-arrows indicating kinematics 
along faults are same as respective structures in Figs. 5, 7 and 10. Sections a) and b) are modified after Krstekanić et al. (2017). The positions of the cross sections are 
displayed in Figs. 5, 7, 8 and 10. The strike of each cross section is indicated in the upper right corner of the section. No vertical exaggeration. 
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Serbian Carpathians and amphibolite to sub-greenschist facies in the 
South Carpathians during Variscan times (Figs. 3, 4; Iancu et al., 2005b; 
Kalenić et al., 1980). In the Serbian Carpathians, these rocks are overlain 
by a transgressive-regressive upper Carboniferous–Permian sequence 
containing conglomerates, sandstones and shales with coal seams that 
are replaced upwards in the stratigraphy by red alluvial sandstones 
(Fig. 3, Djordjević-Milutinović, 2010; Kalenić et al., 1980; Petković, 
1975). These sediments are overlain by a transgressive Triassic–Jurassic 
alluvial to shallow-water limestone sequence (Veselinović et al., 1970). 
The Getic unit is separated in the Serbian Carpathians in two sub-units 
(the Upper and Lower Getic, Figs. 2, 4) by a large-offset thrust 
(Figs. 2, 4). Northwards, the late Early Cretaceous thrusting has created 
in the South Carpathians a narrow system of two nappes located in the 
upper part of the Getic unit that contain Triassic–Jurassic sediments and 
are found immediately beneath the main Supragetic thrust (the Sas
ca–Gornjac and Resita nappes, Iancu et al., 2005a). These nappes were 
interpreted to be the equivalent of the Upper Getic sub-unit emplaced 
during late Early Cretaceous times in a trailing imbricated fan sequence 
in the footwall of the main Supragetic thrust (e.g., Kräutner and Krstić, 
2002; Săndulescu, 1984). The Upper and Lower Getic sub-units contain 
a similar Variscan greenschist to amphibolite facies metamorphosed 
basement that is intruded by plutons and overlain by an Upper 
Carboniferous to Cretaceous sedimentary cover (Figs. 3, 4; Iancu et al., 
2005a, 2005b; Kräutner and Krstić, 2003). The Mesozoic cover reaches 
2 km in thickness and is composed of a Permian - Lower Triassic trans
gressive alluvial clastic to shallow-water sequence (Fig. 3) that crops out 
on a larger area in the Lower Getic sub-unit, unconformably overlain by 
a sequence containing a mixed Middle Jurassic clastic‑carbonatic 
sequence, Upper Jurassic - Lower Cretaceous shallow-water limestones 
and dolomites, including a typical Urgonian reef facies, and 
Aptian–Cenomanian clastics (Fig. 3). 

To the west and south of our studied area, the remnants of another 
ocean crop out, i.e. the northern branch of the Neotethys Ocean (or the 
Vardar Ocean, Fig. 1b). This ocean opened during Middle Triassic times 
by separating the European from Adria-derived units, the latter being 
derived from the larger African domain (e.g., Pamić, 1984; Schmid et al., 
2008; Stampfli and Borel, 2002). The Middle Jurassic onset of oceanic 
subduction led initially to obduction of ophiolites and genetically 
associated ophiolitic melanges over both the Adriatic- and European- 
derived continental margins (the Western and Eastern Vardar Ophio
litic units, respectively; Fig. 1b; Dimitrijević, 1997; Schmid et al., 2008). 
This obduction was followed by Cretaceous–Eocene shortening that 
peaked during the latest Cretaceous onset of collision and the subse
quent formation of a suture zone at the contact between the two main 
continental units (i.e. the Sava Suture Zone; Pamić, 2002; Stojadinovic 
et al., 2017; Ustaszewski et al., 2009). The Late Cretaceous subduction of 
the Neotethys ocean was associated with the emplacement of large 
volume of magmatism (~92–67 Ma) that is observed in the Apuse
ni–Banat–Timok–Sredna Gora Zone (ABTS) belt (e.g., Gallhofer et al., 
2015; von Quadt et al., 2005). Alternatively, the emplacement of the 
ABTS magmatic belt has also been interpreted to be driven by subduc
tion of the Ceahlau-Severin Ocean (Neubauer, 2015). East of the studied 
area in the Timok Zone (Fig. 2) and further to the SE in the Sredna Gora 
unit, this typical arc calc-alkaline magmas were emplaced as magmatic 
intrusions, volcanic lava flows and a volcanoclastic sequence in a 
number of extensional structures that started at ~92–87 Ma, whereas 
the magmatism becomes progressively younger towards the hinterland 
(e.g., Gallhofer et al., 2015; Kolb et al., 2013). The onset of this exten
sion was coeval with the formation of an extensional fore-arc basin 
overlying the European margin adjacent to the Sava Zone (Toljić et al., 
2018). This Late Cretaceous extension has also possibly exhumed the 
high-grade metamorphosed Serbo–Macedonian unit from below the 
low-grade metamorphosed Supragetic unit along an extensional 
detachment (Antić et al., 2016a; Erak et al., 2017). However, the exact 
nature of this reactivated Paleozoic (Caledonian and Variscan) Ser
bo–Macedonian\Supragetic contact is poorly known, owing to its often 

burial beneath the Paleogene–Neogene sediments along the Morava 
Valley Corridor (Fig. 2; Antić et al., 2016b; Săndulescu, 1984). Other 
magmatic intrusions and volcanics are observed W to SSW of the studied 
area in three roughly parallel belts, emplaced during latest Cretaceous, 
Eocene–Oligocene and Miocene times, which are thought to be related 
with an overall SW-ward migration and detachment of the Neotethys 
slab (Andrić et al., 2018 and references therein). 

2.2. The Eocene–Miocene orogen-parallel and perpendicular extension 
associated with large scale transcurrent motions 

The study area lies in the transition zone between orogen parallel 
and perpendicular extensions and strike-slip deformation that took place 
during the clockwise rotation of the Carpathians units (Fig. 1). In more 
details, an orogen-parallel extensional detachment formed during 
Paleocene–Eocene times in the South Carpathians by the reactivation of 
the inherited Getic unit thrust contact and the exhumation of Danubian 
nappe stack in its footwall (e.g., Fügenschuh and Schmid, 2005; 
Matenco and Schmid, 1999; Moser et al., 2005; Schmid et al., 1998). 
This orogen-parallel deformation continued by the activation of the late 
Oligocene Cerna and the early Miocene Timok faults system that 
retained 35 and 65 km offsets, respectively, in the South and Serbian 
Carpathians (Berza and Drăgănescu, 1988; Kräutner and Krstić, 2002). 
The activity along these strike-slip faults is partly coeval with the sec
ond, Miocene cooling event that was associated with a low magnitude of 
vertical movements (Moser et al., 2005). The onset of an E-W oriented 
extension (i.e. orogen-perpendicular for the study area) took place in or 
near the Morava Valley Corridor (Figs. 1 and 2) during Oligocene times 
(~29–27 Ma, based on thermochronological data of Erak et al., 2017), 
while the same basin was subsequently enlarged during the peak mo
ments of extension that took place during the middle Miocene 
(~15–13 Ma), creating the well observed syn-kinematic deposition (e.g., 
inset in Fig. 2, see also Matenco and Radivojević, 2012; Stojadinovic 
et al., 2013, 2017; Toljić et al., 2013). Large-offset early-middle Miocene 
normal faults and detachments accommodating a N-S to ENE-WSW 
oriented extension are observed in the neighbouring Dinarides (e.g., 
Andrić et al., 2017; Mladenović et al., 2015; Schefer, 2012; Ustaszewski 
et al., 2010). These structures and genetically associated basins were 
inverted starting with the latest Miocene, commonly interpreted to be 
driven by the indentation of the Adriatic microplate, which is still 
presently active (e.g., Andrić et al., 2017; Bada et al., 2007; Fodor et al., 
2005). 

The Oligocene - Miocene extension and strike-slip was associated 
with the formation of a significant number of extensional basins (Fig. 2). 
In the Morava Valley Corridor, the Oligocene–early Miocene normal 
faults and syn-kinematic sedimentation are usually buried at depth 
beneath the largely outcropping post-kinematic deposition younger than 
17 Ma (Fig. 2, Krstić et al., 2003; Matenco and Radivojević, 2012; Sant 
et al., 2018). Most of these post-kinematic shallow-water sediments are 
lacustrine and were deposited dominantly during and after the late 
Miocene endemic isolation of the Pannonian Basin (e.g., Kalenić et al., 
1980; ter Borgh et al., 2013; Vujisić et al., 1981). The intra-montane 
basins of the Serbian Carpathians (Fig. 2) contain a similar lacustrine 
facies that has a significant age variability. The oldest sediments are the 
middle to upper Eocene lacustrine turbidites observed at the base of the 
Babušnica Basin (de Bruijn et al., 2018; Marković et al., 2017). The late 
Oligocene–early Miocene Senje–Resava and Bogovina basins (including 
the Panjevac and Krivi Vir sub-basins, Fig. 2, Lihoreau et al., 2004; Mai, 
1995; Maksimović, 1956; Obradović and Vasić, 2007; Pavlović, 1997; 
Žujović, 1886) are thrusted by Permian sandstones of the Upper Getic 
sub-unit (Fig. 4). Most of other basins have an early middle Miocene 
initial infill, while being overlain by late Miocene–Pliocene sedimenta
tion, such as the Sokobanja, Žagubica and Svrljig basins (Fig. 2; Kalenić 
et al., 1980; Lazarević and Milivojević, 2010; Marković, 2003; 
Obradović and Vasić, 2007; Sant et al., 2018). The sedimentation in the 
remaining basins (Bela Palanka and Pirot Basins, Fig. 2) is thought to 
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have started only during Pliocene times (Anđelković et al., 1977; Vujisić 
et al., 1980). 

3. Field structural observations and kinematic analysis 

We have performed our fieldwork in the key area of interference 
between strike-slip, orogen-parallel and orogen-perpendicular exten
sion, which is where the Supragetic and Getic units are in close prox
imity to the Morava Valley Corridor (Fig. 2). This area benefits from the 
high quality and full coverage of 1:100.000 scale geological maps (OGK 
former Yugoslavia). These maps were extensively used previously to 
define the timing and geometry of the Jurassic - Paleogene deformation 
by using the observed stratigraphic juxtaposition across faults combined 
with their overlying post-kinematic sedimentation (e.g., Dimitrijević, 
1997; Schmid et al., 2008, 2020 and references therein). 

We specifically focused the kinematic fieldwork to characterize the 
kinematics of large faults and shear zones, initially identified to have 
large stratigraphic offset (vertical and/or horizontal) in geological maps, 
such as the thrust of the Supragetic and Upper Getic (sub-)units, large 
offset normal or strike-slip faults. We confirmed or re-interpreted these 
structures by measuring their kinematics and large offsets (from hun
dreds of metres to 20 km) along their strike across the entire studied area 
(colored faults in Figs. 5, 7, 8 and 10). In the field, these major contacts 
are observed in the field by zones of intense deformation, such as meters- 
thick foliated fault gouges, intense faulting with large offset at outcrop 
scale, or tight folding. Similar zones of intense deformation with large 
outcrop-scale offsets have been observed also elsewhere, allowing the 
definition of new major tectonic contacts that are relevant at map scale. 
Furthermore, in order to understand the regional effects and super
position, we have also measured deformation at farther distances from 
major faults of shear zones (black faults in Figs. 5, 7, 8 and 10). 

Deformation has a brittle character in most observed situations. The 
pre-Mesozoic basement contains ductile shearing and greenschist facies 
metamorphism in the Supragetic unit and greenschist to amphibolite 
facies metamorphism in the Getic unit. However, the Mesozoic sedi
mentary cover is generally not affected by this ductile deformation, with 
the exception of a low- to sub- greenschist metamorphic facies observed 
in the vicinity of the main Supragetic thrust. Field observations included 
measurements of foliations, fold axes and their geometry, brittle faults 
and shear zones, observations of tilting and rotations. The sense of shear 
along brittle faults and shear zones was derived from kinematic in
dicators such as slickensides (including calcite slickenfibres, grooves 
and other brittle lineations), Riedel shears and brittle shear bands, by 
taking into account confidence criteria and quality ranks (e.g., Angelier, 
1994; Doblas, 1998; Sperner and Zweigel, 2010). Shear bands, sheared 
quartz aggregates and, less frequent, consistent asymmetry of folds (e.g., 
Simpson and Schmid, 1983) were used for inferring shear senses in 
ductile and brittle-ductile transitional fabrics. In few situations, a larger 
number of conjugate shears were measured in the main shear zone, 
which was particularly useful to derive the kinematics of foliated fault 
gouges. The fault-slip data was separated in the field by observations of 
consistency, superposition, reactivation of deformation, or using timing 
criteria. We paid particular attention to syn- and post-kinematic sedi
mentation, used as a key timing indicator for the observed deformation 
stages, the most important being related to the fault-controlled deposi
tion observed in Oligocene–Neogene sediments (Fig. 2). Further timing 
indicators observed in the field are structural cross-cutting, tilting and 
truncation relationships, which aided to understand the structural 
superposition. 

The analysis of the obtained kinematic dataset has resulted in the 
definition of five deformation types (Figs. 5, 7, 8 and 10), grouped by the 
interpretation of three tectonic events, which respect all timing and 
superposition criteria observed in the field or otherwise available in 
studies of the neighbouring Serbo–Macedonian, Dinarides, Pannonian 
Basin and Morava Valley Corridor units (e.g., Erak et al., 2017; Matenco 
and Radivojević, 2012; Stojadinovic et al., 2013, 2017). We furthermore 

focussed on understanding the partitioning of strain in observed major 
faults or shear zones, by assigning the kinematics observed in multiple 
outcrops along the fault strike to its specific expression at map scale. The 
lateral correlation between outcrops is based on the character of 
deformation in similar lithologies (e.g., brittle fault gouges versus in
dividual fault planes or brittle shear bands) as well as on the compati
bility of deformation and offsets observed in the field with the one at 
map scale. The lateral correlation has demonstrated that the thrusting 
observed at the Supragetic and Upper Getic nappe contacts has an 
overall curved geometry in map view and is associated with the coeval 
formation of a large number of tear faults (Figs. 5 7, 10). We note that 
such tear-faults are perpendicular to and connect thrusting segments by 
accommodating their differential offsets in major shear zones. These 
tear faults are demonstrably different when compared with faults 
formed during the strike-slip deformation event (Fig. 8), which are 
widely observed outside major shear zones (see also Mladenović et al., 
2019). 

Our specific strain-based approach and the observed deformation are 
not entirely suitable to invert kinematic data to derive paleostress di
rections. Methodological limitations come from the fact that measure
ments in large offset shear zones do not satisfy the Wallace-Bott criteria 
and the often observed strain partitioning during deformation (such as 
thrusting associated with wedge and tear faulting, regional and local 
vertical axis rotations observed along drag folds) are well-known limi
tations of the paleostress methodology (e.g., Célérier et al., 2012; De 
Vicente et al., 2009; Hippolyte et al., 2012; Jones and Tanner, 1995; 
Orife and Lisle, 2003; Sperner and Zweigel, 2010). Reconstructing 
paleostress for such strain partitioning requires a high-resolution data 
set that is beyond the regional scope of our study. Nevertheless, in order 
to test the consistency of deformation at regional scale, we have also 
inverted our data by calculating paleostress tensors for all deformation 
that does not display strain partitioning effects and are located in the 
vicinity of large-offset faults. This means, for instance, that tear faulting 
and faults observed in outcrops to be associated with drag-folding ro
tations were not included in calculations. We have used the WinTensor 
software (Delvaux and Sperner, 2003) to calculate and optimise reduced 
paleostress tensors (Figs. A.1, A.2 and Table A.1 of the Supplementary 
Appendix) by following a standard inversion approach with confidence 
criterion (e.g., Angelier, 1994; Angelier and Goguel, 1979; Angelier and 
Mechler, 1977; Delvaux and Sperner, 2003 and references therein) and 
allowing a slip tolerance of ±26◦ (Lisle, 2013). Displacements along 
observed faults and calculated rotations are used as independent con
straints to correlate with the paleostress tensors, which are interpreted 
to be part of the material response to imposed boundary conditions (e.g., 
Tikoff and Wojtal, 1999). Given the two approaches (strain and stress), 
we specifically use in interpretation a terminology that differentiates 
between stress calculations (compression-tension) and strain observa
tions (contraction-extension). 

Data were furthermore grouped and used in the construction of five 
regional cross sections (Fig. 4), where the surface kinematics was pro
jected at depth and correlated with other existing surface and depth 
constraints. The eastern part of these profiles has less structural control 
at depth and, therefore, our surface to depth projection has a higher 
degree of uncertainty. 

3.1. NW-SE to NE-SW oriented shortening in the vicinity of the Supragetic 
thrust 

Although less extensive, the first set of structures are dominantly 
located along or in the vicinity of the Supragetic thrust and in all situ
ations the observed faults and folds do not deform and are buried 
beneath the sediments of the overlying upper Oligocene - Miocene ba
sins (Fig. 5). These structures are more frequent in the northernmost and 
the southern segments of the studied area (near Golubac and Kučevo in 
the north and east of Paraćin in the south, Fig. 5), being truncated at 
outcrop and map scale by all other subsequent deformation. The 
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Fig. 5. Lower hemisphere stereoplots structures associated to Cretaceous shortening, plotted on the tectonic map of the studied area (complied after Kräutner and 
Krstić et al. (2003) and Basic geological map of former Yugoslavia, scale 1:100.000). Faults colored in purple are thrusts active during this phase, light green faults 
are active strike-slip faults, while black faults are other major faults in the area. Suggested faults or faults covered by Neogene sediments are dashed. Dark green 
straight lines indicate positions of cross sections in Fig. 4. Numbered structures in stereoplots are linked to map structures with the same number. Stereoplots legend: 
1-thrust fault, 2-strike-slip fault, 3-normal fault, 4-fold axis. Note that plots Go2 D1 and Tu1 D1 show stretching lineations with sense of shear. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Paleozoic basement of the Supragetic unit and the neighbouring Meso
zoic limestones of the Upper Getic sub-unit are affected by a deformation 
characterized by moderate- to high-angle thrusts. These thrusts are 
oriented NE-SW in the northern part of the studied area and have a top to 
SE - E oriented tectonic transport (structures 1, 3, 4, 5 in Fig. 5) which 
changes to NW-SE and top to NE in the southern part (e.g., structure 9 in 
Fig. 5), although some local variability is recognized at farther distances 
from the Supragetic thrust (structure 8 in Fig. 5). These two different 
orientations of thrusts are not observed in the same location. Thrusting 
is associated with numerous sub-vertical strike-slip faults (structures 2, 

6, 7, 10 in Fig. 5), whose orientation in outcrops and at map scale is 
generally perpendicular to the ones of the map-scale thrusts. 

In more detail, deformation at or near the Supragetic thrust is more 
intense and indicates a different degree of burial of its hanging-wall and 
footwall. An up to a few tens of meters thick low-grade metamorphic 
(low to very low greenschist facies) to cataclastic shear zone was 
observed in the Paleozoic metamorphics of the hanging-wall. This 
hanging-wall is affected by pervasive shearing, where a stretching 
lineation is observed to be associated with shear-bands and/or sigma 
clasts affecting oriented quartz aggregates (structures 3 and 4 in Fig. 5). 

Fig. 6. Interpreted field photos of ductile to cataclastic structures associated with the late Early Cretaceous thrusting and subsequent Paleogene–Miocene orogen- 
perpendicular extension. Orientation of each photo is indicated in the upper right and upper left corners. Structures in the photos are plotted in stereoplots. Purple 
arrows and half arrows illustrate kinematics of interpreted structures related to the Cretaceous deformation, and blue ones indicate kinematics of subsequent 
extensional structures. a) Top to SE ductile thrusting in Supragetic unit metamorphic basement. Studied site Go2. b) Shear bands with reverse sense of shear in Upper 
Getic sub-unit Tithonian limestones. These form a cataclastic C–S fabric. Studied site Ku1. c) Fault plane with stylolites as kinematic indicators demonstrating top to 
NE thrusting. Studied site Cg2. d) Asymmetric decameter scale folds (see a standing man in black rectangle for scale) in Tithonian limestones of the Upper Getic sub- 
unit in the footwall of the Supragetic thrust. Black lines represent bedding. Fold axes are plotted in lower hemisphere stereoplot. Vergence of the folds indicates top to 
SE thrusting. Studied site Ku1. e) Normal fault (blue arrow illustrates the relative hanging wall movement) truncating the cataclastic shear zone (purple lines) formed 
in Tithonian limestones in the footwall of the Supragetic thrust. Studied site Ku1. Inset: Outcrop-scale cross-section sketch of relationship between thrusting related 
foliation (purple lines and half arrows) and N-S oriented normal fault (blue half arrow). f) Normal fault with associated R and P Riedel shears, indicating NE-SW 
oriented orogen-perpendicular extension in Tithonian limestones at the studied site Si6. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 
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For example, in the northern area near Golubac, such hanging-wall 
shearing in quartz aggregates is associated with a top to SE direction 
of tectonic transport (e.g., structure 3 in Fig. 5 and Fig. 6a). This 
shearing is sub-parallel with the dominantly W-dipping foliation of the 
Supragetic metamorphics. Often decimeters thick shear zones are 
observed affecting the Mesozoic limestones located in the immediate 
footwall of the Supragetic thrust (structure 5 in Fig. 5 and Fig. 6b). In the 
northern part of the studied area, deformation along these shear zones 
indicates thrusting with a dominant top-SE to E direction of tectonic 
transport, locally associated with NW-vergent backthrusts (structure 5 
in Fig. 5), or with E-W to NW-SE oriented strike-slip faulting observed by 
conjugate Riedels in the main shear zone (site Ku1, structures 6 and 7 in 
Fig. 5). In the southern part of the studied area, the overall deformation 
changes to NW-SE oriented thrusts or shear-zones that have a dominant 
NE direction of tectonic transport (structure 9 in Fig. 5 and Fig. 6c) and 
are associated with NE-SW oriented strike-slip faults, cross-cut at map 
scale by subsequent strike-slip deformation (structure 10 in Fig. 5). The 
sense of shear along closely spaced thrusts truncating Tithonian lime
stones in the footwall of the Supragetic thrust is often derived from syn- 
kinematic growth of calcite fibers, grooves and centimeter-scale stylo
lites (an example is shown in Fig. 6c). 

The character of deformation changes at farther distances (few 
hundred meters) in the footwall of the Supragetic thrust, where the 
pervasive shearing is replaced by meter-scale, slightly asymmetric folds 
that are oriented NE-SW and have a SE vergence in the northern part of 
the studied area (e.g., site Ku1 in Fig. 5 and Fig. 6d). The same asym
metric folds are oriented NW-SE with NE vergence in the southern part 
of the studied area, although the number of measurements is rather 
limited (e.g., site Cg1, Fig. 5). At farther (kilometres) distances, few 
high-angle reverse faults are observed in this footwall, which are trun
cated by subsequent normal faults in outcrops and map scale (structure 8 
in Fig. 5 and structure 14 in Fig. 7). 

3.2. Multi-geometry extension and strike-slip 

Superposition criteria and truncation of the upper Oligocene – 
Miocene basins indicate that the Supragetic thrusting is followed in time 
by three types of structures. The first type of structures are N-S oriented, 
dominantly W-dipping normal faults, which are observed more 
frequently in the field near the contact with the Morava Valley Corridor 
and in the vicinity of the Upper Getic thrust contact (dark blue in Fig. 7). 
These faults often truncate the previously described thrusts, as observed 
near Kučevo (site Ku1, structure 2 in Fig. 7). Here, the previously formed 
cataclastic foliation in the footwall of the Supragetic thrust is cross-cut in 
one example by a W-dipping normal fault (Fig. 6e). Outside main shear 
or fault zones, this deformation is observed along individual fault planes 
or Riedel shears by calcite slickenfibres, such as the top to SW normal 
faulting in Tithonian limestones of the Upper Getic sub-unit at site Si6 
(Figs. 6f and 7). The strike of outcrop-scale normal faults and associated 
map-scale shear zones gradually changes southwards from N-S in the 
northern part of the studied area to NNW-SSE and NW-SE, with some 
local variations. This change follows the regional change in strike of the 
main nappe contacts, while generally remaining (sub-)parallel to them, 
normal faults being observed both above and below the thrusts at 
outcrop scale. Map-scale normal faulting can be documented only in the 
vicinity of the Morava Valley Corridor and Upper Getic thrust contact, 
more frequent in the areas of Krepoljin and Despotovac (structures 4–7 
and 9–10 in Fig. 7). The sense of shear is dominant top-W and top-E 
north of Despotovac and top- WSW to SW southwards, although the 
number of available observations in the latter area is reduced. A higher 
density of such normal faults is observed near the Senje–Resava Basin, 
where they appear to control the Oligocene–early Miocene sedimenta
tion (e.g., sites De9 and Cg7, structures 10 and 13 in Fig. 7) and are 
truncated by the subsequent Upper Getic thrusting, as explained below. 
The number and offset of such normal faults indicating orogen- 
perpendicular extension decrease eastwards, at farther distances from 

the Morava Valley Corridor and the Upper Getic thrust contact. 
The second type of structures observed is made up of a large number 

of strike-slip faults (Fig. 8), which are distributed in the entire studied 
area and have variable kinematics from pure strike-slip to oblique-slip. 
This strike-slip deformation is dominantly dextral, with NNE-SSW to 
N-S oriented faults in the northern and central parts (Figs. 8, 9a,b) and 
further to NNW-SSE to NW-SE more southwards in the studied area 
(Figs. 8, 9c). Conjugate sinistral faults are commonly observed, varying 
in orientation from NE-SW to N-S oriented faults (Figs. 8, 9d). This 
change in orientation of outcrop-scale strike-slip faults also follows the 
general change in strike of the main nappes contact from north to south, 
although local variations are also observed (Fig. 8). The character of this 
deformation is variable, from breccias and fault gouges in up to 50 cm 
wide shear zones to localized shears along individual fault planes (e.g., 
Fig. 9a–d). These strike-slip faults were found locally to truncate or 
reactivate the older mylonitic to cataclastic foliation that formed at the 
Supragetic unit thrust contact. For example, in location Tu1 (structure 1 
in Fig. 8) the reactivation is visible by dm-scale dextral shearing and 
mineral growth along individual fault planes (Fig. 9a) truncating the 
ductile to cataclastic foliation of the W-ward dipping high-angle shear 
fabric of Tithonian limestones. However, most often such strike slip 
deformation is observed along isolated faults that cannot be connected 
with regional structures and stratigraphic offsets, such as for instance in 
vicinity of the Upper Getic thrust at site De9, where a decimetre to meter 
scale sub-vertical dextral fault deforms Lower Cretaceous limestones 
(Figs. 8 and 9b). Strike-slip kinematics is well visible in fault gouges, 
such as NW-SE oriented dextral strike-slip fault in Cg2 (Figs. 8 and 9c), 
or along thick slickensides or calcite slickenfibres, such as a NNE-SSW 
oriented sinistral fault observed in Tithonian limestones at site Gk3 
(Figs. 8 and 9d). Despite the fact that outcrop kinematics is character
ized often by a large number of isolated faults measured in the field, 
these are associated with only with a few regional, map-scale dextral 
shear zones (Fig. 8). These shear zones are N-S to NNE-SSW oriented 
near Golubac and Kučevo in the north (structures 1 and 2 in Fig. 8) and 
NW-SE in the south, as observed SE of Paraćin (structure 3 in Fig. 8). 

The third type of structures observed in the field consists of E-W 
oriented normal faults that are perpendicular to the orogenic strike and 
indicate orogen-parallel extension (light blue in Fig. 7). Conjugated N- 
and S- dipping normal faults were observed in outcrops and can be 
associated with regional, map-scale shear zones. In outcrops, this 
deformation is characterized by individual fault planes, or by fault 
breccias or meters thick foliated fault gauges, when the observed offset 
is larger. These faults are associated with syn-kinematic sedimentation, 
such as observed in the middle–upper Miocene sediments of the Pan
jevac Basin (site De4, structure 8 in Fig. 7; see also Antonijević et al., 
1970), where coarser wedge-shaped sediments were deposited only in 
the hanging-wall of E-W oriented normal faults that were overlain by 
deeper water sedimentation (Fig. 9e). These normal faults truncate 
earlier formed reverse faults, as observed in the Permian sandstones of 
the Upper Getic thrust (e.g., site Cg5, structure 14 in Fig. 7), where such 
truncation is observed along low-angle normal faults that indicate N-S 
extension (Fig. 9f). In other locations, these normal faults reactivate E-W 
oriented strike-slip faults belonging to the first deformation event (e.g., 
structures 1 and 3 in Fig. 7), such as observed in Upper Jurassic lime
stones of the Lower Getic sub-unit (site Go1, structure 1 Figs. 7 and 9g). 
In this site, E-W oriented normal faults create a fault gauge breccia that 
contains planes with inherited sub-horizontal dextral strike-slip slick
ensides. Interestingly, the E-W oriented normal faults and N-S oriented 
strike-slip faults overprint each other in outcrop kinematics, observed 
often in the vicinity of such normal fault with large, map scale offset (e. 
g., site De3, Figs. 7, 8 and 9h). Such an interplay between normal 
faulting and strike-slip infers that the two types of deformation formed 
during the same tectonic event. In map view, regional E-W oriented 
normal faults border many of the Neogene basins, where they control 
the early middle Miocene sedimentation and are overlain by younger 
deposits (Figs. 2 and 7). These faults are also associated with tilting and 
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Fig. 7. Map of the studied area (same conventions as in Fig. 5) with lower hemisphere stereoplots of structures associated to Oligocene–Miocene orogen- 
perpendicular and orogen-parallel extension. Faults colored in dark and light blue are activated by these extensions, respectively. Black faults are other major 
faults in the area. Suggested faults or faults covered by Neogene sediments are dashed. Black rectangle shows the position of the inset in right part of the figure. Inset: 
Simplified geological map of a segment of the Senje-Resava Basin thrusted by Permian sediments of Upper Getic sub-unit (simplified and modified after Basic 
geological map of former Yugoslavia, scale 1:100.000 and data from this study). P-Permian red clastics; T-Triassic clastics and limestones; J-Jurassic clastics and 
limestones; K1-Lower Cretaceous limestones and marls; α-Upper Cretaceous Banatites; Ol3,M1-upper Oligocene to lower Miocene sediments of Senje-Resava Basin; 
M2,3-middle to upper Miocene sediments of Morava Valley Corridor and adjacent basins; Pl-Pliocene conglomerates and travertine. (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 8. Map of the studied area (same conventions as in Fig. 5, inset is same as in Fig. 7) with lower hemisphere stereoplots of structures associated to regional strike- 
slip deformation. Faults colored in green are active during this phase. Black faults are other major faults in the area. Suggested faults or faults covered by Neogene 
sediments are dashed. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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exhumation of the metamorphosed Paleozoic sediments in their footwall 
(Fig. 7), suggesting a listric or block tilting geometry. These bordering 
normal faults decrease their offsets laterally along their strike, which 
imply increased amounts of extension in the centre of the Lower Getic 
sub-unit, in the place where the Paleozoic metamorphosed basement is 
more widely exposed (Fig. 7). 

We note that these three sets of normal and strike-slip faults could 
have been formed during three successive deformation events, partly 
overlapping, or they can belong to the same event by distributing the 
strain along differently oriented structures. Available superposition 
timing criteria are not fully diagnostic. 

3.3. Top-E thrusting of the Upper Getic sub-unit 

Superposition criteria indicate that the youngest deformation type is 
associated with a large number of reverse faults with E-ward vergence 
that are associated in map view with the thrusting of the Upper Getic 
sub-unit (commonly Permian red sandstones) over the Lower Getic sub- 
unit, commonly made up in outcrops by Lower Cretaceous limestones 
and the upper Oligocene–lower Miocene sediments of the Senje–Resava 
Basin (Figs. 2 and 10). Two sets of structures were observed in the field 
in map-scale shear zones. 

The first set of structures is thrusts or oblique-reverse faults that are 
dominantly top-E and are observed along the Upper Getic thrust and its 
vicinity (e.g., structures 1, 2, 4, 6, 7, 10 and 13 in Fig. 10). This Upper 
Getic thrust is generally high angle where Permian sandstones are thrust 
over Lower Cretaceous limestones (e.g., site Si5, Figs. 10 and 11a). 
Although the thrust itself is rarely exposed, its kinematics is obvious in 
the immediately adjacent rocks affected by the wider shear zone (e.g. 
site De6, Figs. 10, 11b, c). The same structure is low angle when it is 
thrusted over the poorly consolidated upper Oligocene to lower Miocene 
sediments of the Senje–Resava Basin. These sediments do not create 
foliated fault gouges or other types of shear zones where kinematics can 
be measured. However, the kinematics of the contact can be measured in 
the in Permian - Mesozoic rocks affected by the shear zone in the 
hanging-wall or at farther distances in the footwall, while its geometry 
can be derived from the topographic expression (e.g., Fig. 11d). Inter
esting is that E-vergent thrusting over the upper Oligocene – Miocene 
sediments reactivate often earlier orogen-perpendicular normal faults 
(e.g., structure 2 in Fig. 10). 

The second set of structures is observed in outcrops along numerous 
strike-slip faults (Fig. 10), where they are always associated with 
roughly E-W oriented map-scale shear-zones that connect various seg
ments of the Upper Getic thrust and are both dextral and sinistral 
(structures 3, 5, 8, 9, 11, 12, 14–19 in Fig. 10). The orientation and sense 
of shear of the strike-slip faults measured in outcrops mirrors the ones of 
the E-W oriented map-scale faults, while often conjugates are observed 
(such as in the case of structures 12, 15 and 19 in Fig. 10). These strike- 
slip faults are generally perpendicular to the orientation of the Upper 
Getic thrust when offsetting this structure, while locally changing their 
strike towards NW-SE or NE-SW at farther distances. Typically, such 

strike-slip faults offset the Upper Getic thrust with 1–5 km (e.g., struc
ture 14 in Fig. 10 and site De10, Fig. 11e), while outcrop kinematics is 
often derived from large Riedel shears (Figs. 11e, f). 

Interestingly, measurements of bedding and the geometry of faults 
show vertical axis rotation in the vicinity of strike-slip faults due to local 
drag-folding, where differently oriented faults with the same kinematics 
are situated in the immediate vicinity. This situation is visible, for 
example, in site De9 (Fig. 10), where E-W oriented dextral strike-slip 
faults are rotated clockwise by dragging along a higher offset, NE-SW 
oriented dextral fault (structure 12, black and green respectively in 
plot De9 D4, Fig. 10). 

4. Interpretation 

The results of the kinematic study show a complex poly-phase tec
tonic evolution of the studied segment of Serbian Carpathians that re
flects the formation of the highly bended Dacia Mega-Unit of the 
Carpatho–Balkanides overprinted by Dinarides orogenic processes. 
Although many structural elements are common with neighbouring 
segments of the South Carpathians and Balkanides, a number of defor
mation stages are specific to the studied area that relate in particular to 
multi-phase extension, strike-slip deformation and vertical axis 
rotations. 

4.1. Cretaceous nappe emplacement 

The oldest phase of contraction led to the nappe emplacement of the 
Supragetic unit that was associated with tear faulting (Fig. 5). Structures 
observed in this unit indicate that the onset of thrusting was associated 
with transitional ductile-brittle deformation that is cross-cut in later 
stages by brittle thrusts or tear faults. Such a succession of deformation 
during the same tectonic event indicates exhumation of the Supragetic 
unit during thrusting. This interpretation is in agreement with the 
observation of ductile structures at the Supragetic/Getic contact in the 
South Carpathians, dated at 120 Ma (Dallmeyer et al., 1996). Alterna
tively, one can interpret the ductile structures to be formed during an 
older Variscan event, while only the brittle ones formed during the 
Cretaceous thrusting. However, the ductile to brittle structures have the 
same kinematics, while the continuous exhumation is justified by the 
offset and geometry of Paleozoic-Mesozoic strata truncated by the 
Supragetic thrust (Fig. 4). Although the Cretaceous offset along the 
Supragetic thrust is difficult to estimate due to the absence of reliable 
markers, the transition from ductile to brittle deformation during 
thrusting indicates a minimum of 10–15 km offset. The youngest sedi
ments affected by this thrusting are Lower Cretaceous limestones 
(Fig. 3), while the Supragetic thrust contact is truncated by all subse
quent deformation and is often covered by Oligocene - Miocene sedi
ments of the Morava Valley Corridor (Fig. 5). 

Outcrops and regional cross-sections indicate that thrusting was 
associated with the formation of E-vergent folds and a wide shear zone at 
the Supragetic thrust contact that recorded splaying by the formation of 

Fig. 9. Interpreted field photos of brittle structures related to Paleogene to Miocene deformation. Orientation of each photo is indicated in the upper right and upper 
left corners. Structures in the photos are plotted in stereoplots. a) Dextral, N-S oriented strike-slip fault (green arrow) truncating older thrusting related foliation in 
weakly metamorphosed Upper Jurassic limestones of the Upper Getic sub-unit. Studied site Tu1. b) Dextral, N-S oriented strike-slip fault offsetting tilted Lower 
Cretaceous limestones (black lines indicate bedding position) of the Lower Getic sub-unit at studied site De9. Inset illustrates the fault surface in detail with striations 
that indicate dextral shearing (green arrow shows the relative movement of the missing block). c) Fault breccia associated to NW-SE oriented dextral strike-slip fault 
zone at location Cg2. d) NNE-SSW oriented sinistral fault in Tithonian limestones. Studied site Gk3. e) Syn-kinematic sedimentation in the hanging wall of a normal 
fault during orogen-parallel extension (blue half arrow) in the middle to upper Miocene sediments (1-sandy siltstones, 2-conglomerates, 3-marls, dashed line in
dicates gradual transition from conglomerates to marls). Studied site De4. f) Outcrop of Permian sandstones of the Upper Getic sub-unit demonstrating normal faults 
activated by orogen-parallel extension (blue half arrows) truncating high angle reverse faults interpreted as a result of late Early Cretaceous thrusting (dipping 
towards camera, purple arrows). Studied site Cg5. g) Dextral, ENE-WSW oriented strike-slip fault with weakly preserved striations (light green arrow indicates 
relative movement of the footwall) that was reactivated by orogen-parallel extension as documented by Riedel shears in fault breccia (inset, blue half arrow). Studied 
site Go1. h) N-S oriented dextral fault (green arrow illustrates relative movement of the missing block) and ESE-WNW oriented normal fault (blue arrow indicates 
relative movement of the footwall). Interaction and superposition of faults are not clear. Studied site De3. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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Fig. 10. Map of the studied area (same conventions as in Fig. 5, inset is same as in Fig. 7) with lower hemisphere stereoplots of structures associated to late Miocene 
shortening. Faults colored in red are active thrusts during this contraction and green faults are active strike-slip faults. Black faults are other major faults in the area. 
Suggested faults or faults covered by Neogene sediments are dashed. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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trailing imbricated fans in the Upper Getic footwall (Fig. 4). The 
Supragetic thrusting has a flat-ramp geometry (e.g., Fig. 4a) that 
changes its offset along the orogenic strike (compare cross-sections in 
Figs. 4a, b, e). Changes in offset are accommodated by the formation of 
~E-W oriented sub-vertical tear faults and lateral ramps (Fig. 5). A 
similar deformation style by the formation of ramp-folds, fault-propa
gation folds and asymmetric E-vergent folds is observed in the Upper 
Getic sub-unit. However, while the Supragetic thrust is covered by all 
Oligocene - Miocene sediments, the Upper Getic sub-unit thrusts with a 
large offset over these sediments (Figs. 4c–e) and has only a brittle 

character. This demonstrates that the thrusting of the two units took 
place during different deformation events, i.e. the Supragetic thrusting 
took place during the Cretaceous, while the Upper Getic thrusting took 
place during the late Miocene. However, it is also possible that the Upper 
Getic thrusting has been initiated during the Cretaceous by the low 
amount of offset observed in the north (Figs. 4a, b) by splaying in the 
footwall of the Supragetic thrust, while being reactivated during the late 
Miocene. 

The overall transport direction of the Supragetic thrusting changes 
along the strike of the orogen from top-SE in the north to top-NE in the 

Fig. 11. Interpreted field photos of structures related to the Upper Getic thrust. Orientation of each photo is indicated in the upper right and upper left corners. 
Structures in the photos are plotted in stereoplots. UG-Upper Getic sub-unit; LG-Lower Getic sub-unit; P-Permian sandstones; J3

3-Tithonian limestones; K1
4,5-Barre

mian–Aptian limestones; Banatites - Upper Cretaceous subvolcanic intrusion; Ol3,M1-upper Oligocene to lower Miocene sediments; Q-Quaternary sediments; a) Upper 
and Lower Getic sub-units in a high angle contact at studied site Si5. b) Lower Cretaceous limestones of the Lower Getic sub-unit in the footwall of the Upper Getic 
thrust, few meters away from UG/LG contact. Studied site De6. c) Permian sandstones of the Upper Getic sub-unit, few meters away from UG/LG contact in the 
hanging wall of the thrust. Studied site De6. d) Interpreted landscape view of the Upper Getic thrust. Note the low angle geometry of the thrust with footwall 
represented by early Miocene sedimentary sequence of the coal-bearing Senje–Resava Basin. Inset illustrates simplified geological map of the area shown in the photo 
(modified after Basic geological map of former Yugoslavia, scale 1:100.000) with the position of the camera (black dot) and the azimuth of camera view (black 
arrow). e) Subvertical sinistral strike-slip fault (thick green line, green great circle in stereoplot) accommodating different offsets of the Upper Getic thrust segments 
north and south of the fault. Riedel shears are associated with this fault (dashed green lines, black great circle in stereoplot)and are defining sense of shear along this 
major fault. Studied site De10. f) Sinistral strike-slip fault (green great circle in stereoplot) as one of the Riedel shears form Fig. 11e. Studied site De10. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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south, remaining always perpendicular to the present oroclinal geome
try of the nappes. This wide variation in thrusting direction does not 
reflect two separate shortening events, but the observed change in 
contraction direction is the result of vertical-axis rotations post-dating 
the main Cretaceous thrusting event. This rotation agrees with a 
gradual increase in subsequent Paleogene–Miocene clockwise vertical 
axis rotation from negligible in the Balkanides to 90◦ in the South Car
pathians (Csontos and Vörös, 2004; van Hinsbergen et al., 2008). These 
differences in contraction direction observed in the studied area suggest 
that ~40◦ of differential Paleogene–Miocene clockwise rotations have 
been taken up by the Serbian Carpathians after the Cretaceous thrusting 
(Fig. 5). 

4.2. Paleogene to middle Miocene interplay between bi-directional 
extension and strike-slip 

Although not directly apparent in the large-scale structure of the 
studied Serbian Carpathians, our detailed field observations infer that 
three of the observed deformation types are in fact different structural 
responses formed during a long-lived tectonic event that post-dated the 
Cretaceous nappe stacking. 

The first type are normal faults that are oriented (sub-)parallel to 
nappe contacts and are clustered in the western part of the studied area 
near the Supragetic and Upper Getic thrusts (dark blue in Fig. 7). These 
normal faults have a dominant W-ward dipping direction and are asso
ciated with the initial Oligocene - early Miocene extension observed in 
the Morava Valley Corridor, together with Senje–Resava, Panjevac and 
Bogovina basins (e.g., Figs. 2 and 4c–e, Erak et al., 2017; Mai, 1995; 
Matenco and Radivojević, 2012; Obradović and Vasić, 2007; Pavlović, 
1997; Žujović, 1886). The large number of N-S oriented and W-dipping 
normal faults clustered in the immediate vicinity of the Upper Getic/ 
Lower Getic contact indicates a larger amount of extension in the Mor
ava Valley Corridor and the Senje–Resava Basin. It is likely that these 
two basins were initially continuous and part of a larger Morava Valley 
Corridor Oligocene - middle Miocene depositional area, being separated 
subsequently by the late Miocene thrusting of the Upper Getic sub-unit 
(Fig. 4c–e). 

Based on all of these observations and correlations, we interpret that 
orogen-perpendicular extension has created the initial subsidence in the 
Morava Valley Corridor and the adjacent intramontane basins in the 
western part of the presently exposed Serbian Carpathians during Oli
gocene–early Miocene times. The change from E-W extension in the 
northern and central parts of the studied area to more NE-SW extension 
in the south follows the change in the orientation of main Supragetic and 
Getic units. Therefore, this change also indicates up to ~40◦ vertical- 
axis rotations largely post-dating the main extensional deformation. 

The second type, strike-slip deformation has created NE-SW to NW- 
SE oriented dextral and sinistral faults that are distributed throughout 
the entire studied area at outcrop scale. The fact that only few map-scale 
faults with low offset can be attributed to this deformation (Fig. 8) 
indicate a diffused and/or distributed character of deformation, which is 
in agreement with previous observations (Mladenović et al., 2019). 
Outside the studied area, the kinematics and geometry of these outcrop- 
scale faults are compatible with the activation of the well-known and 
similarly 40◦–80◦ curved large dextral strike-slip faults, the ~35 km 
offset late Oligocene Cerna Fault and ~ 65 km offset early Miocene – 
early middle Miocene Timok Fault (Fig. 2, Berza and Drăgănescu, 1988; 
Kräutner and Krstić, 2003). When compared with these large offset 
dextral faults, our kinematic observations indicate a similar change from 
NW-SE dextral in the south to more N-S dextral in the north associated 
with a compatible change in the direction of conjugate sinistral faults, 
although there is a significant variability between these directions across 
the entire studied area (Fig. 8). The differences in strike-slip directions 
between the north and the south show ~40◦ of clockwise rotations, 
while the variability of deformation indicate that strike-slip deformation 
took place before or during rotation. 

The third type, orogen-parallel extensional structures, is associated 
with numerous outcrop-scale E-W oriented normal faults that can be 
directly correlated with larger offset (<1 km) regional E-W oriented 
normal faults and shear zones (light blue in Fig. 7). These normal faults 
truncate the Paleozoic basement in the centre of the studied area, while 
northwards and southwards they control the onset of early middle 
Miocene deposition in the Žagubica and Krivi Vir Basin. Furthermore, 
similar E-W oriented normal faults control the early middle Miocene 
onset of deposition in large intramontane basins outside our studied 
area, such as Sokobanja and Svrljig Basins and also, possibly, in the Bela 
Palanka Basin (Fig. 2). These basins have asymmetric, half-graben ge
ometry that shows increasing subsidence towards the main controlling 
fault located southwards (Marović et al., 2007). With the notable 
exception of the Žagubica Basin that shows an WNW-ESE orientation (i. 
e. 20–30◦ clockwise rotation), all other basins and genetically associated 
faults are E-W oriented along the entire curved geometry of the Serbian 
Carpathians (Fig. 2). This observation suggests that the N-S oriented 
orogen parallel extension took place dominantly after the ~40◦ clock
wise rotation. 

Although our study cannot fully discriminate a complete super
position of events, all these observations indicate that the three defor
mation types (orogen- perpendicular and parallel normal faulting 
combined with strike-slip) developed successively, but partly over
lapped in time. The late Oligocene onset of orogen-perpendicular 
extension largely predates the ~40◦ of clockwise rotation, the latest 
Oligocene-early middle Miocene stage of strike-slip took place during 
the clockwise rotation and the early Miocene–early middle Miocene 
stage of orogen-parallel extension largely postdates the clockwise rota
tion. All these three deformation types can be actually grouped in a 
continuous late Oligocene–early middle Miocene tectonic event that 
took place during the overall clockwise rotation of the Serbian Carpa
thians, accommodated by the 100 km cumulated offset of the curved 
Cerna-Timok Fault system. One can obtain the previously reported 
variable strike-slip paleostress stress field for the Oligocene - middle 
Miocene rotation of the Serbian Carpathians (Mladenović et al., 2019) 
by cumulating all these three deformations together. However, our shear 
zone analysis correlated with the progression in ages and geometry of 
the intramontane basins show a better separation in three successive, 
partly overlapping stages where the rotations creates significant strain- 
partitioning between strike-slip and extension. 

4.3. Late miocene upper getic thrusting 

The last deformation event observed in our studied area is the 
thrusting of the Upper Getic sub-unit, which took place likely by reac
tivating the orogen-perpendicular normal fault system inherited from 
the Oligocene - early Miocene deformation stage. The age of this event is 
constrained by the thrusted late Oligocene–early Miocene sediments of 
the Senje–Resava basin. Field kinematics and regional structures formed 
during this event truncate all previous ones, while the main thrust is 
covered by the upper part of Žagubica and Sokobanja Basins sedimen
tation, which is latest Miocene–Pliocene in age (Fig. 10). Therefore, the 
age of this top-E thrusting of the Upper Getic sub-unit is late Miocene. 

In the northern part of the studied area, the Upper Getic sub-unit is 
narrow, while thrusting offset is in the order of 1 km (Figs. 4a, b, 10). 
Here, this unit formed as a fontal trailing imbricated fan of the Supra
getic thrust where a possible Cretaceous offset cannot be clearly 
discriminated from the late Miocene one. Southwards in the studied 
area, the total offset of the Upper Getic thrust gradually increases to 
more than 6 km (Fig. 4c–e). This Miocene thrusting forms a large ramp- 
anticline over the Oligocene–early Miocene sediments of the Sen
je–Resava Basin (Fig. 4c–e). More southwards, the offset along the Upper 
Getic thrust decreases rapidly towards the Sokobanja Basin, where this 
thrust is buried beneath younger sediments (Fig. 10). South of this basin 
and outside the study area, there is no equivalent of the Upper Getic 
thrust that can be observed at map scale (Fig. 2). The significant 
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variability in thrusting along the Upper Getic strike also explains the 
formation of numerous E-W oriented strike-slip tear faults that laterally 
offset this structure (Fig. 10). Many of these tear faults are in fact lateral 
ramps that formed as normal faults during the orogen-parallel defor
mation stage (Fig. 12). These E-W normal faults have initially segmented 
the margin of the Senje–Resava Basin, preserving the late Oligocene- 
early Miocene sediments in their hanging walls. The lateral variability 
between late Oligocene-early Miocene sediments and Cretaceous lime
stones has created a rheologically heterogeneous footwall for the 
thrusting of the Upper Getic sub-unit (Fig. 12). The large scale tearing 
and the surface expression of the Upper Getic sub-unit demonstrate the 
thrusting was controlled by the inherited normal faulting associated 
with the formation of the Senje–Resava Basin. 

5. Discussion 

The Cretaceous thrusting of the Supragetic Unit is in agreement with 
the timing and geometry of the Sasca–Gornjac and Resita nappes defined 
northwards in the South Carpathians of Romania, emplaced during late 
Early Cretaceous times in the footwall of the main Supragetic thrust (e. 
g., Iancu et al., 2005a; Kräutner and Krstić, 2002; Săndulescu, 1984). 
However, no late Miocene thrusting of the equivalent Upper Getic thrust 
contact has been observed in the South Carpathians, which is in agree
ment with our interpretation that the late Miocene reactivation is 
reducing gradually its offset to zero northwards. It is likely that the 
Supragetic thrusting took place during the late Early Cretaceous, as 
observed in the South Carpathians (Fig. 13a). There are no indications 
that the latest Cretaceous Getic thrusting and the formation of the 
Danubian nappe stack (Fig. 13a) has also re-activated the Supragetic 
thrust only in the Serbian Carpathians prior to the subsequent activation 
of the CernTimok Fault system. However, we cannot completely exclude 
such a hypothesis due to the lack of further timing indicators, such as 
thermochronology or post-tectonic covers. 

The orogen-perpendicular extension, strike-slip and orogen-parallel 
extension can be correlated with the formation of Oligocene-Neogene 
basins. The ~29–27 Ma onset observed in the Jastrebac area (Erak 
et al., 2017) is the earliest possible age of the orogen-perpendicular 
extension (Fig. 13b). An orogen-perpendicular back-arc extension 
driven by the roll-back of a Carpathians slab roll-back is not possible in 
the N-S Serbian segment adjacent to the fixed Moesian Platform (Fig. 1, 
see also Matenco and Radivojević, 2012). Therefore, the observed 
orogen-perpendicular extension must be related to processes active 
during the evolution of a Dinarides slab, such as slab-detachment or 

subsequent eduction (Andrić et al., 2018), which is compatible with the 
observed directions of extension (Figs. 1 and 13b). 

5.1. Mechanisms of backarc-convex oroclinal bending 

Our kinematic analysis correlated with paleomagnetic rotations 
measured in the South Carpathians indicate that ~40◦ of clockwise ro
tations took place during late Oligocene–middle Miocene times. The 
kinematics and timing are in agreement with the geometry and moments 
of activation of the large offset and curved late Oligocene Cerna and 
early Miocene Timok faults (Figs. 2 and 13b, e.g., Maţenco, 2017; 
Schmid et al., 2008). This kinematics indicates that oroclinal bending in 
the Serbian Carpathians has started with strike-slip deformation, which 
was gradually replaced in the later stages by orogen-parallel extension 
(Fig. 13b). This overall mechanism is only partly compatible with ob
servations by previous studies in the South Carpathians, where a longer 
and a more continuous coexistence of strike-slip and orogen-parallel 
extension has been inferred (Krézsek et al., 2013; Fügenschuh and 
Schmid, 2005; Matenco and Schmid, 1999). There, oroclinal bending 
triggered the formation of the Danubian detachment during the 
Paleocene-Eocene, which remained active until the early middle 
Miocene, overlapping in time with the activity of Cerna and Timok 
dextral strike-slip faults and the transtensional formation of the Getic 
Depression Basin (e.g., Dupont-Nivet et al., 2005; Fügenschuh and 
Schmid, 2005; Matenco and Schmid, 1999; Moser et al., 2005; Schmid 
et al., 1998). This basin was subsequently transpressionally inverted in 
middle-late Miocene times to form the South Carpathians foredeep (e.g., 
Matenco et al., 2003; Răbăgia et al., 2011). Furthermore, coeval trans
tension and orogen parallel extension in the South Carpathians has 
accommodated the observed shortening of the East Carpathians at their 
contact with the Moesian Platform by a gradual progression of defor
mation NE- and E- wards during Oligocene–middle Miocene times 
(Krézsek et al., 2013). In other words, while deformation started with 
orogen-parallel extension during Paleocene-Eocene and continued with 
coeval late Oligocene–middle Miocene strike-slip and orogen-parallel 
extension in the South Carpathians, the studied segment of the 
Serbian Carpathians indicates a progression from strike-slip to orogen- 
parallel extension during the latest Oligocene - middle Miocene. 

Our studied case of the Serbian Carpathians is the one of a major 
intra-continental strike-slip fault system (i.e. Cerna–Timok) that formed 
coevally with oroclinal bending. Although deformation is distributed 
along a large number of small structures, we observe that oroclinal 
bending may be also associated with an orogen-perpendicular extension 

Fig. 12. 3D sketch of structural superposition and 
mechanics of Oligocene-Miocene extension and sub
sequent shortening in the vicinity of the Upper Getic 
thrust. Dark blue normal faults formed during 
orogen-perpendicular extension, light blue normal 
faults formed during orogen-parallel extension. These 
faults control the subsequent formation of thrusts 
(red) and strike-slip tear faults (green). Sediments of 
the Senje-Resava Basin are shown in yellow colour, 
while black horizons are drawn to illustrate offsets 
along normal faults. Arrows and half arrows show the 
relative movement of the hanging wall. When faults 
are re-activated, longer arrows indicate younger 
movement. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the web version of this article.)   
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that evolves independently from the coupled strike-slip and orogen- 
parallel deformation. The former is driven by the interference with the 
geodynamic evolution of a different orogen (i.e. Dinarides). The latter is 
driven by the orogenic pull exerted by a slab-retreat in a curved orogen, 
where orogen-parallel deformation starts closer to the slab (i.e., the 
South Carpathians) and develops progressively at farther distances (i.e., 
the Serbian Carpathians) in an orogen that gradually reorients itself 
perpendicular to the trench (i.e., the East Carpathians, Fig. 1). 

Such observations are also known from other large-scale continental 
strike-slip faults, such as San Andreas fault, Alpine fault or Dead Sea 
fault, which show distributed deformation and strain partitioning in up 
to hundreds of kilometres wide zones (e.g., Dooley and Schreurs, 2012). 
Strike-slip shear zones often display oblique movements that create 
transpressive and/or transtensive deformation forming positive or 
negative flower structures, transpressional orogens and basins with 
highly variable geometries (Christie-Blick and Biddle, 1985; Dewey 
et al., 1998; Dooley and Schreurs, 2012; Leever et al., 2011; Smit et al., 
2008, 2010). Furthermore, oblique or curved strike-slip zones show 
variable amounts of strain partitioning at releasing or restraining bends 
that show progressive evolution over time (e.g., Dewey et al., 1998; 
Fossen and Tikoff, 1998; Leever et al., 2011), associated with parti
tioning in normal or reverse faulting coeval with oroclinal bending 
(Allen et al., 2003; Hollingsworth et al., 2010; Mattei et al., 2017). 

Foreland-convex oroclines dominate the Mediterranean region 
(Fig. 1a, e.g., Rosenbaum, 2014, and references therein) and are 
controlled by the retreat of subducting slabs (e.g., Faccenna et al., 2004; 
Jolivet et al., 2013; Johnston and Mazzoli, 2009; Lonergan and White, 
1997). In our studied case of the Serbian Carpathians, the orogen- 
parallel extension took place during the formation of a back-arc- 
convex orocline (Fig. 1a and 13b). Such orogen-parallel extension has 
been observed or inferred during the formation of other backarc-convex 
oroclines, such as the Cantabrian arc of Ibero-Armorican orogen or 
Mongolian orocline (e.g., Pastor-Galán et al., 2012, 2015; Ries and 
Shackleton, 1976; Xiao et al., 2018). The formation of other backarc- 
convex oroclines has been controlled by orogen-parallel compression 
induced by two converging cratons (e.g., Mongolian and Kazakhstan 
oroclines; Edel et al., 2014; Li et al., 2018), collision between two or 
more rigid blocks with irregular margins (e.g., Alborz Mts., Brasília belt, 
central Pontides; D’el-Rey Silva et al., 2011; Mattei et al., 2017; Meijers 
et al., 2010) or the inherited initial curvature of the continental margin 
of the overriding plate (e.g., Bolivian and Cascadian oroclines; Finley 
et al., 2019; Isacks, 1988; Johnston et al., 2013; Weil and Sussman, 
2004). These observations and correlations show that the type of 
orogen-parallel deformation is not relevant for the formation of a 
backarc-convex orocline. These oroclines are spatially controlled by the 
presence of a rigid, irregular continental block or craton that acts as an 

Fig. 13. a) 3D and cross-section sketches of main 
tectonic units and structures active during the Cre
taceous–Paleogene shortening. EV-Eastern Vardar 
Ophiolitic unit, SM-Serbo-Macedonian unit, SG- 
Supragetic unit, UG-Upper Getic sub-unit, LG-Lower 
Getic sub-unit, CS-Ceahlău-Severin unit, D-Danubian 
units, M-Moesian Platform. 3D sketch is built after 
map view sketch of Fügenschuh and Schmid (2005). 
Position of the cross-section is indicated by the green 
line. b) 3D sketch of oroclinal bending mechanics 
with complex fault pattern that includes regional 
dextral strike-slip and orogen-parallel and perpen
dicular normal faults, mainly controlled by Carpa
thian slab retreat to the north and north-east, the 
position of the rigid Moesian indenter and extension 
in the Dinarides to the west. c) 3D and cross-section 
sketches of the late Miocene reactivation of the 
Upper Getic thrust during the indentation by Moesian 
Platform (stable Europe). Direction of shortening in 
the Serbian Carpathians is indicated by the blue 
arrow. Cross-section sketch shows the Upper Getic 
thrusting over sediments of the Cenozoic basins. Po
sition of the cross-section is indicated by the green 
line. MVC- Morava Valley Corridor sediments, SG- 
Supragetic unit, UG-Upper Getic sub-unit, LG-Lower 
Getic sub-unit. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the web version of this article.)   
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indenter during rotation. In the case of Serbian Carpathians orocline, the 
rigid Moesian promontory of the European continent controls the oro
clinal geometry. 

5.2. Late Miocene indentation of the Moesian Platform 

Paleomagnetic studies have demonstrated that the large-scale 
clockwise rotation of the South and East Carpathians around the Moe
sian indenter has been achieved mostly until middle Miocene times and 
average ~ 15◦ afterwards, with a variability controlled by local rota
tions created by transpressional strike-slip structures (de Leeuw et al., 
2013 and references therein; Lesić et al., 2019). The late Miocene 
thrusting of the Upper Getic sub-unit observed in the Serbian Carpa
thians is coeval with the Adriatic indentation active in the Dinarides 
and, at the same time, is also coeval with the Carpathians docking 
against the Moesian Platform. 

To the south and west, the indentation of the Adriatic promontory in 
the Dinarides inverted the Pannonian Basin and started during the latest 
Miocene. The effects of this indentation are more pronounced in the NW 
near the junction with the Southern Alps and in the SE near the other 
junction with the Albanides–Hellenides (e.g., Bennett et al., 2008; Pinter 
et al., 2005; Tomljenović et al., 2008). Close to the studied area, this 
Pannonian Basin inversion is expressed by E-W oriented thrusts and 
transpressional structures that recorded uplift in the order of few hun
dred meters (Matenco and Radivojević, 2012; Toljić et al., 2013). 
However, the N-S contraction direction of these structures is incom
patible with the top-E direction of Upper Getic thrusting. 

To the north and east, the dextral transpressional docking of the 
South Carpathians and the last phase of thin-skinned E-ward thrusting of 
the East Carpathians took place during late middle–late Miocene times 
and ceased around 8 Ma, at the same time when the extension in the 
Pannonian Basin areas located north of the Morava Valley Corridor also 
ceased (e.g., Balázs et al., 2018; Maţenco, 2017). Because the main 
extension in the Morava Valley Corridor also ceased during middle 
Miocene times, it is likely that the late Miocene E-ward movement of the 
South and East Carpathians until 8 Ma was associated with E-ward 
thrusting reactivation of inherited normal fault between Upper and 
Lower Getic sub-units in the, by then, N-S oriented segment of the 
Serbian Carpathians (Figs. 12 and 13c, see also Ustaszewski et al., 2008 
and references therein) during the late Miocene. The dextral movement 
of the E-W oriented South Carpathians in respect to the stable Moesian 
Platform was partly taken up by thrusting in the N-S oriented segment of 
the Serbian Carpathians. Such a mechanism would assume that the 
amount of thrusting gradually decreases as observed northwards in the 
Serbian Carpathians, while deformation being at the same time gradu
ally transferred to dextral strike-slip north of the Moesian indenter 
(Fig. 13c), as observed in the South Carpathians (e.g., Matenco and 
Schmid, 1999). This mechanism should have been active only during 
late Miocene times, as the last phase of thin-skinned Pliocene–Quater
nary deformation is localized only in the area of the SE Carpathians and 
was not observed in the intervening South Carpathians (e.g., Leever 
et al., 2006; Maţenco, 2017). 

6. Conclusions 

In order to understand the formation and evolution of the 180◦ of 
oroclinal bending recorded by SE part of the Carpatho–Balkanides oro
gen, we have performed a kinematic study in the key area of the western 
Serbian Carpathians. The results demonstrate that this area was affected 
by a complex poly-phase kinematic evolution that recorded the geo
dynamic evolution of both the Carpathians and Dinarides orogen. 

Following earlier Paleozoic and older deformation, the first short
ening event that affected the studied part of the Serbian Carpathians was 
recorded by the late Early Cretaceous Supragetic thrusting, which is a 
peak deformation moment recorded during the subduction of the 
Ceahlău –Severin Ocean and Carpathians continental collision. This 

thrusting largely pre-dates the oroclinal bending observed in the Serbian 
Carpathians. 

Although not directly prominent in the large-scale orogenic struc
ture, the second deformation event observed in the studied area was 
associated with a complex strain partitioning between partly over
lapping stages of orogen-perpendicular extension, strike-slip and orogen 
parallel extension. This event took place mostly during the ~40◦ of 
oroclinal bending recorded by the studied segment of the Serbian Car
pathians, derived from the variability of kinematic directions along the 
orogenic strike. The orogen-perpendicular extension is also compatible 
with the Oligocene onset of extension in the Morava Valley Corridor that 
is likely driven by the slab-detachment and eduction in the Dinarides. In 
contrast, the oroclinal bending in the studied part of the Serbian Car
pathians was accommodated also by strike-slip deformation that was 
later gradually replaced by orogen parallel extension. This mechanism is 
compatible with the ~100 km of cumulated dextral strike-slip offset 
recorded along the curved fault geometry of the Cerna and Timok system 
located east of the studied area. These new insights on the rotational 
mechanisms of the Serbian Carpathians are somewhat different when 
compared with the neighbouring South Carpathians, which recorded 
first orogen-parallel extension followed by coupled strike-slip and 
orogen-parallel extension during Paleocene–middle Miocene times. 

The last stage of deformation observed is the late Miocene thrusting 
of the Upper Getic sub-unit. Among all potential geodynamic mecha
nisms responsible for this thrusting, the one of transfer of deformation 
from dextral strike-slip at the northern margin of Moesian Platform in 
the South Carpathians to thrusting at the western margin of the same 
Moesian Platform in the Serbian Carpathians seems more likely. This 
deformation was coeval with the last moments of late Miocene thin- 
skinned thrusting until 8 Ma in the East and SE Carpathians and 
coeval extension in the Pannonian Basin. 

Our study infers that the type of orogen-parallel deformation is not 
relevant for the formation of a backarc-convex orocline, such as the 
studied case of the Serbian Carpathians. These oroclines are spatially 
controlled by the presence of a rigid, irregular continental block or 
craton that acts like an indenter during rotation. In the case of Serbian 
Carpathians orocline, the rigid Moesian promontory of the European 
continent controls the oroclinal geometry. The study also shows the 
importance of a step-wise kinematic approach to reconstruct the tec
tonic evolution of highly curved orogens, such as the Carpa
thians–Balkanides, where strain partitioning is not apparent in their 
large-scale structure. Such reconstructions based on structural evi
dence must consider that strain partitioning overprints the inherited 
orogenic structure, in particular when differential rotations and trans
lations are coeval. Understanding such structures must go beyond 
standard paleostress studies and must involve strain or shear-zone 
analysis and independent constraints, such as the coeval evolution of 
sedimentary basins. 
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Bada, G., Horváth, F., Dövényi, P., Szafián, P., Windhoffer, G., Cloetingh, S., 2007. 
Present-day stress field and tectonic inversion in the Pannonian basin. Glob. Planet. 
Chang. 58, 165–180. 
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Edel, J.B., Schulmann, K., Hanžl, P., Lexa, O., 2014. Palaeomagnetic and structural 
constraints on 90◦ anticlockwise rotation in SW Mongolia during the Permo–Triassic: 
implications for Altaid oroclinal bending. Preliminary palaeomagnetic results. 
J. Asian Earth Sci. 94, 157–171. 
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zavod, Belgrade.  

Kolb, M., von Quadt, A., Peytcheva, I., Heinrich, C.A., Fowler, S.J., Cvetković, V., 2013. 
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Maksimović, B.B., 1956. Geological and tectonical relations of the coal bearing 
formations of the Senjsko–Resavski mines and the surrounding area. In: Special 
editions of the Geological institute, 6, pp. 1–104. "Jovan Žujević".  
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Pătraşcu, S., Bleahu, M., Panaiotu, C., Panaiotu, C.E., 1992. The paleomagnetism of the 
Upper cretaceous magmatic rocks in the Banat area of the South Carpathians: 
tectonic implications. Tectonophysics 213, 341–352. 
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de la Péninsule Balkanique 61, 153–160. 
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The evolution of a key segment in the Europe–Adria collision: the Fruška Gora of 
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