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ARTICLE INFO ABSTRACT

Editor: Zhengtang Guo The evolution of oroclines is often driven by the interplay of subduction and indentation associated with complex
patterns of deformation transfer from shortening to strike-slip and extension. We study the kinematics and
mechanics of indentation in an orocline with a backarc-convex geometry, the European Carpatho-Balkanides
Mountains. Within this orocline, the kinematic evolution of the Serbian Carpathians segment is less under-
stood. The results demonstrate that the overall deformation was accommodated by the Circum-Moesian Fault
System surrounding the Moesian indenter, where strain was partitioned in a complex network of coeval strike-
slip, thrust and normal faults. This system represents one of the largest European intracontinental strike-slip
deformation zones, with a northward-increasing accumulated 140 km dextral offset along previously known
and newly found faults. These strike-slip faults transfer a significant part of their offset eastwards to thrusting in
the Balkanides and westwards to orogen-parallel extension and the formation of intramontane basins. The
correlation with paleogeographic and geodynamic reconstructions demonstrates that the overall formation of the
fault system is driven by subduction of the Carpathian embayment, resulting in laterally variable amounts of
translation and rotation associated with indentation of the Moesian Platform. The onset of Carpathian slab
retreat and backarc extension at 20 Ma has dramatically increased the rates of dextral deformation from ~3.5
mm/yr to ~2 cm/yr, facilitated by the pull exerted by the retreating slab. Our study demonstrates that inden-
tation requires a strain partitioning analysis that is adapted to the specificity of deformation mechanics and is,
therefore, able to quantify the observed kinematic patterns.
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1. Introduction et al., 2001; Sternai et al., 2016; Tapponnier et al., 1986), shortening in

front of the Arabian indenter is accompanied by Anatolian extrusion

The indentation of continental fragments is commonly used to
explain orogenic shortening and crustal/lithospheric thickening
accompanied by lateral extrusion, which is often associated with
opposite polarity subduction systems (Davy and Cobbold, 1988;
Doglioni et al., 2007; Faccenna et al., 2014; Johnson, 2002; Jolivet et al.,
2018; Molnar and Tapponier, 1975; Regard et al., 2005). Indentation
tectonics is observed in many orogenic systems (e.g., Argand, 1924;
McKenzie, 1972; Ratschbacher et al., 1991a, 1991b). For instance, the
indentation of the Indian indenter is accommodated by shortening and
uplift of the Himalayas and Tibet, and lateral extrusion towards SE Asia
(Chen et al., 2000; Molnar and Tapponier, 1975; Searle et al., 2011; Shen

towards the Aegean (Kaymakci et al.,, 2010; Mantovani et al., 2006;
Martinod et al., 2000; Regard et al., 2005), or the post-Oligocene
shortening in the Eastern Alps is accompanied by extrusion towards
the Pannonian-Carpathians region (Frisch et al., 1998; Neubauer et al.,
2000; Ratschbacher et al., 1991b; Rosenberg et al., 2018; van Gelder
et al., 2020; Wolfler et al., 2011). The lateral transfer of collisional
shortening to other subduction systems is often facilitated by a complex
strike-slip and transpressional/transtensional deformation associated
with significant strain partitioning (e.g., Jolivet et al., 2018; van Hins-
bergen et al., 2020; van Unen et al., 2019a). Similar to many other
studies (e.g., Benesh et al., 2014; Cembrano et al., 2005; D'el-Rey Silva
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etal., 2011; De Vicente et al., 2009; Glen, 2004; Krézsek et al., 2013), we
use the term strain partitioning in its general meaning of a multi-scale
distribution of the total strain in different types of coeval structures
whose kinematics cannot be explained by a homogenous stress field.
Such cases of strain partitioning and deformation transfer during
indentation include the Dinarides orogen that transfers the deformation
from the Alps to the Aegean subduction (van Unen et al., 2019a), the
East Anatolian and the Dead Sea Faults that accommodate deformation
along the lateral margin of the Arabian indenter (Lyberis et al., 1992;

deformation front
suture zones
retro-wedges
FC == == foreland-convex orocline
BC== == backarc-convex orocline

“Boticy
Allyejiain!

Rifi

g
(%)

v, ]

Precambrian platform
Paleozoic platform
III external foredeep

Miocene external thrust belt
and foredeep

I:I Ceahlau-Severin unit

- Western Vardar Ophiolitic unit

Sava-lzmir-Ankara
Suture Zone

- Eastern Vardar Ophiolitic unit

EI Kula, Forebalkan

\:| Danubian, West Balkan, Struma
- Dacia mega-unit

- Rhodope units

- Adria-derived units

- Tisza mega-unit

@ Outline of Neogene basins

\:Ci— Thrust fault ——* Normal fault

/ Strike-slip fault \River

Global and Planetary Change 208 (2022) 103714

Perincek and Cemen, 1990; Smit et al., 2010) or the Sagaing Fault of
Indochina that connects India/Eurasia collision with the Sunda sub-
duction system (Morley, 2002, 2013; Morley and Arboit, 2019; Vigny
etal., 2003). Although kinematics along individual faults is well studied,
the mechanisms of deformation transfer from shortening in front of an
indenter to strike-slip along its lateral margins and the effects of in-
denter's geometry on strain partitioning are still not fully understood.
One remarkable example of deformation transfer from frontal
shortening to lateral strike-slip along the margins of an indenter is the

S BAlkanides

T~
ponudes =

Fig. 1. a) Simplified European topographic map overlain by tectonic key elements (orogenic fronts, suture zones and retro-shears) of the Mediterranean Alpine-age
orogens (modified from Krstekanic et al., 2020). The red rectangle shows the location of Fig. 1b. b) Regional tectonic map of the Carpatho-Balkanides orocline
(modified after Schmid et al., 2020). The blue rectangle indicates the location of Fig. 2. BK - Bahna Klippe; CF - Cerna Fault; GK - Godeanu Klippe; MF - Maritsa Fault;
PB - Petrosani Basin; TF - Timok 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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Carpatho-Balkanides orocline of south-eastern Europe. This double 180°
curved orogenic system is comprised of a foreland-convex segment in
the north and east, and a backarc-convex segment in the south and west
(Fig. 1a). In our definition, a foreland-convex orocline has the convex
side oriented towards the foreland (i.e., the vergence of the main
orogenic structure is away from its core), while a backarc-convex oro-
cline has the convex side oriented towards the backarc region (i.e., the
orogenic thrusting is towards the oroclinal core, see also Krstekanic¢
et al., 2020). The foreland- and backarc- convex oroclines are geomet-
rically similar to a pair of salient — recess geometries (e.g., Marshak,
1988; Miser, 1932; Weil and Sussman, 2004). The later terms are used to
describe the curvature of a single thrust front or a fold-and-thrust belt
that is often related to thin-skinned thrusting and controlled by the
footwall basin geometry and rheological variability (e.g., Livani et al.,
2018; Marshak, 1988; Yonkee and Weil, 2010). In contrast, we use
foreland- and backarc- convex oroclines to describe the geometry of
larger scale curvatures that include rotations during orogenic build-up
(i.e., oroclinal bending).

The overall formation of the Carpatho-Balkanides backarc-convex
orocline was associated with the late Oligocene — middle Miocene for-
mation of one of the largest strike-slip systems known in continental
Europe, which accumulated more than 100 km of dextral offset along
the curved Cerna and Timok Faults system (Fig. 1b, Berza and
Draganescu, 1988; Krautner and Krsti¢, 2002, 2003; Ratschbacher et al.,
1993). The Serbian Carpathians were coevally affected by orogen-
parallel and orogen-perpendicular extension that formed numerous
Oligocene-Miocene intra-montane basins and the prolongation of the
Pannonian Basin along the Morava Valley Corridor (Figs. 1b, 2; Erak
et al., 2017; Krstekani¢ et al., 2020; Matenco and Radivojevi¢, 2012).
The connected and neighbouring structures of the western Balkanides
recorded contraction during their thrusting over the Moesian Platform
(Figs. 1b, 2; Schmid et al., 2020).

All these deformations associated with the ultimate formation of the
Carpatho-Balkanides backarc-convex oroclinal bending created a large
fault system where contrasting types of deformation affected the
orogenic system and are connected around the southern, western and
northern margins of the Moesian Platform (Fig. 1b). We herewith define
this deformation associated with large-scale strain partitioning as the
Circum-Moesian Fault System (CMFS), which is made up of a complex
network of coeval strike-slip, thrust and normal faults. The mechanics
and kinematics of this fault system and its strain partitioning along the
Moesian margins are not understood. To advance this understanding, we
have performed a field kinematic and structural study, focused on
quantifying the CMFS deformation in the less understood area of the
Serbian Carpathians, which links the deformation in the South Carpa-
thians in the northeast to deformation in the Balkanides in the southeast.
We correlate our results with previously published studies from the
neighbouring East Carpathians, Rhodope, Dinarides, Pannonian Basin
and Morava Valley Corridor (Fig. 1b, e.g., Brun and Sokoutis, 2007;
Ellouz et al., 1994; Erak et al., 2017; Krstekani¢ et al., 2020; Matenco
and Radivojevi¢, 2012; Necea et al., 2021; Stojadinovic et al., 2013,
2017) to infer the relative importance of deformation in these regions on
strain partitioning in our study area and to discuss potential mechanisms
driving the formation of the backarc-convex Carpatho-Balkanides oro-
cline. Because the formation of this backarc-convex orocline is rather
unique during the Alpine evolution of the entire Mediterranean area (see
Fig. 1), the results are shortly discussed in a larger regional and process-
oriented context.

2. Tectonic evolution of the Carpatho-Balkanides during
oroclinal bending and Moesian indentation

Previous studies have shown that most of the South and Serbian
Carpathians and Balkanides mountains are made up of the large Europe-
derived, Dacia continental mega-unit (Fig. 1b) that split-off during the
Middle Jurassic opening of the Ceahlau-Severin branch of the Alpine
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Tethys Ocean, while to the west and south-west this mega-unit was
separated from the Adria microcontinent by a northern branch of the
Neotethys Ocean, which started to open during Middle Triassic times
(Schmid et al., 2008, 2020; van Hinsbergen et al., 2020 and references
therein). The Carpatho-Balkanides orogen (Fig. 1a) formed during the
Cretaceous — Miocene closure of the Alpine Tethys Ocean (Csontos and
Voros, 2004; Horvath et al., 2015; Matenco, 2017). The initial late Early
Cretaceous partial closure of the Ceahlau-Severin branch in the South
and Serbian Carpathians and Balkanides segments of the orogen created
a thick-skinned nappe-stack and was facilitated by the collision with
Moesian Platform, a promontory of the stable European continent,
which acted as indenter during the collision (Fig. 1b, Csontos and Voros,
2004; Sandulescu, 1988; Schmid et al., 2020). Shortening of the Dacia
mega-unit created two main thick-skinned units, i.e., the Supragetic and
Getic nappes of the South and Serbian Carpathians (see also Krautner
and Krsti¢, 2002). The nappe-stacking was followed by Late Cretaceous
extension and calc-alkaline magmatism (in the Apuseni-Banat-Timok-
Sredna Gora belt, see Gallhofer et al., 2015; von Quadt et al., 2005)
and a latest Cretaceous overthrusting of the Dacia mega-unit over the
Ceahlau-Severin nappe and Moesia that created a Danubian nappe-stack
derived from the Moesian margin (Fig. 1b, Csontos and Voros, 2004;
Sandulescu, 1988; Seghedi et al., 2005). These Cretaceous events were
followed by the continuation of oceanic subduction and Miocene slab
retreat in the Western and Eastern Carpathians, which facilitated the
creation of the southern backarc-convex orocline during 90 degrees of
clockwise rotation and docking of the South Carpathians against the
Moesian indenter (Fig. 1, Balla, 1984, 1986; Csontos et al., 1992;
Krstekani¢ et al., 2020; Marton, 2000; Panaiotu and Panaiotu, 2010;
Patrascu et al., 1994; Ratschbacher et al., 1993; van Hinsbergen et al.,
2020). The oroclinal bending was associated with a Paleocene-Eocene
orogen-parallel extension that exhumed the Danubian nappes of the
South Carpathians (Fig. 1b; Fligenschuh and Schmid, 2005; Matenco and
Schmid, 1999; Schmid et al., 1998) and the late Oligocene — middle
Miocene creation of the curved Cerna and Timok Faults system (Fig. 1b).

2.1. The Cretaceous multi-phase nappe structure, extension and
associated magmatism

The remnants of the Ceahlau-Severin Ocean are thought to outcrop
in two regions within our studied area (Figs. 2 and 3, see also Schmid
et al., 2020). In the north-eastern region situated in the vicinity of the
Danube River, these remnants are composed of the uppermost Jurassic —
Lower Cretaceous clastic to calcareous, locally ophiolite-bearing, tur-
biditic sequences (Bogdanovi¢ and Rakic, 1980; Kalenic et al., 1976;
Melinte-Dobrinescu and Jipa, 2007; Sandulescu, 1984; Savu et al., 1985;
Veselinovic et al., 1975). In the southern part of the studied area west of
the Kusa Vrana anticline (Fig. 2), Tithonian — Lower Cretaceous clastic to
calcareous turbidites overlie the Danubian units and are thrusted by the
Getic nappe of the Dacia-mega unit (Andelkovi¢ et al., 1977; Petrovic
et al., 1973; Vujisi¢ et al., 1980).

The late Early Cretaceous (~100-110 Ma) thrusting of the Supra-
getic over the Getic units was top to ~E in the present-day geometry of
the Serbian Carpathians (Figs. 2 and 3, Krstekanic et al., 2020, and
references therein). The Supragetic basement is made up of Variscan
mostly greenschist to sub-greenschist facies metamorphic rocks (e.g.,
lancu et al., 2005b), overlain by passive margin continental late
Carboniferous — Permian clastics and, locally, thin Triassic — Jurassic
shallow-water limestone sequences (Kaleni¢ et al., 1980; Petkovic,
1975a; Veselinovic et al., 1970). The Getic unit is locally separated in
Upper and Lower Getic sub-units along a large, but variable offset, thrust
(Fig. 2; Krstekanic et al., 2020). Both sub-units have a similar greenschist
to amphibolitic metamorphic basement, intruded by syn- to post-
collisional Variscan granitoids (~325-290 Ma; lancu et al., 2005a,
2005b; Jovanovic¢ et al., 2019; Krautner and Krsti¢, 2002). The sedi-
mentary cover is composed of Permian alluvial red clastics and trans-
gressive Lower — Middle Triassic shallow-water sediments overlain by
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Fig. 2. Tectonic and structural map of the Serbian Carpathians and adjacent areas showing the regional fault kinematics of the Circum-Moesian Fault System (CMFS,
compiled and modified after Basic geologic map of former Yugoslavia, scale 1:100.000, Matenco, 2017, Krstekanic et al., 2020, following the terminology of Schmid
et al., 2020 and the results of this study). Red polygon is the location of Fig. 4, blue polygon marks the location of Figs. 6 and 8. Dark green lines show positions of
cross-sections in Fig. 3. BaB — Babusnica Basin; BoB — Bozovici Basin; BpB — Bela Palanka Basin; CF - Cerna Fault; DBF - Dzevrin-Balta Fault; DmB — Donji Milanovac
Basin; FT - Forebalkan Thrust; GT - Getic Thrust; KnB — Knjazevac Basin; KuB — Kucevo Basin; KvB - Krivi Vir Basin; OrB — Orsova Basin; PiB - Pirot Basin; RPF - Rtanj-
Pirot Fault; RtM - Rtanj Mountains; SiB — Sichevita Basin; SoB — Sokobanja Basin; SvB — Svrljig Basin; SZF - Sokobanja-Zvonce Fault; TF - Timok Fault; TiB — Timok
Basin; WT - West Balkan Thrust; ZaB — Zapljanje Basin; ZaB — Zagubica Basin. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

<

Middle Jurassic transgressive clastics and carbonates, Upper Jurassic —
Lower Cretaceous deep water to reef limestones and dolomites (Fig. 3, e.
g., Antonijevic¢ et al., 1970; Gradinaru et al., 2016; Krstic et al., 1976;
Petkovi¢, 1975b; Veselinovi¢ et al., 1970; Vujisi¢ et al., 1980). The total
thickness of the Getic sedimentary cover reaches ~2 km.

The Carpatho-Balkanides recorded a Late Cretaceous phase of calc-
alkaline magmatism, genetically interpreted to be related to the roll-
back of the Neotethys subducting slab, or alternatively by the vari-
ability of the subduction in the Ceahlau-Severin Ocean, which created
the so-called Apuseni-Banat-Timok-Sredna Gora (ABTS) magmatic belt
(Andri¢ et al., 2018; Balla, 1984, 1988; Berza et al., 1998; Gallhofer
et al., 2015; Kolb et al., 2013.; Neubauer, 2015; Tolji¢ et al., 2018; von
Quadt et al., 2005). In the study area, this magmatism is observed in the
Timok and Sredna Gora zones (Figs. 2 and 3), where the Upper Creta-
ceous — Paleogene intrusives, volcanics and volcaniclastics are associ-
ated with coeval normal faulting (Banjesevi¢, 2006; Kalenic et al., 1976;
Knaak et al.,, 2016; Krautner and Krsti¢, 2003; Petkovi¢, 1975b;
Veselinovic et al., 1975). To the west, this extension is thought to have
exhumed the amphibolite facies metamorphics of the Serbo-Macedonian
unit (peak metamorphism of Variscan age, ~480-330 Ma; Antic et al.,
2016a) from below the Supragetic unit in the footwall of detachments
(Fig. 2; Antic¢ et al., 2016a, 2016b; Erak et al., 2017). The Serbo-
Macedonian unit is also part of the Dacia mega-unit and, together
with the obducted Eastern Vardar Ophiolitic unit, forms the upper plate
in respect to the Neotethys subduction along the Sava suture zone of the
Dinarides (Figs. 1, 2; Pamic, 2002; Stojadinovic et al., 2017; Schmid
et al., 2008; Ustaszewski et al., 2010).

Renewed shortening took place during the latest Cretaceous
(~75-67 Ma), postdating the extension and magmatism in the ABTS belt
(Iancu et al., 2005a; Neubauer and Bojar, 2013; Schmid et al., 2008),
which created the Supragetic-Getic-Danubian nappe stack (Figs. 2 and 3,
Ciulavu et al., 2008; Csontos and Voros, 2004; Berza et al., 1983;
Matenco, 2017; Sandulescu, 1984). The basement of Danubian units has
recorded several deformation events and poly-phase metamorphism and
is built of high-grade Neoproterozoic Pan-African and low-grade Cale-
donian to Variscan metamorphic rocks with a weak Alpine metamorphic
overprint (Dallmeyer et al., 1998; Iancu et al., 2005a, 2005b; Krautner
and Krsti¢, 2002; Ratschbacher et al., 1993; Seghedi et al., 2005). This
metamorphic basement includes also the pre-Alpine granitic intrusions
and Devonian Tisovita-Iuti — Deli Jovan — Zaglavak ophiolitic complex
(Iancu et al., 2005b; Kaleni¢ et al., 1976; Krautner and Krsti¢, 2002;
Krsti¢ et al., 1976; Plissart et al., 2017; Seghedi et al., 2005; Zakariadze
et al.,, 2012), whose location is important for restoring the below
described post-Eocene oroclinal deformation (Figs. 2 and 3). The
Danubian metamorphic basement is overlain by continental to shallow-
water lacustrine Permian clastics, lower Triassic clastics and Middle to
Upper Triassic carbonates, a Lower to Middle Jurassic clastic succession,
Middle Jurassic to late Early Cretaceous carbonates and locally Late
Cretaceous fine-grained sediments (Fig. 3, Andelkovic et al., 1977;
Bogdanovic¢ and Raki¢, 1980; Iancu et al., 2005a; Kaleni¢ et al., 1976;
Krsti¢ et al., 1976; Veselinovi¢ et al., 1975).

2.2. The Eocene-Miocene oroclinal bending

Following the Cretaceous orogeny, subduction of the Carpathian
embayment lithosphere and continental collision continued in the
Western and Eastern Carpathians during Paleogene-Miocene times. The

nature of the subducted slab is still debated and could have had oceanic
or highly extended continental character (e.g., Bokelmann and Rodler,
2014; Necea et al., 2021). The N-, NE- and E-ward Miocene roll-back and
closure of the Carpathian embayment have created ultimately the two
oroclines observed in the double Carpatho-Balkanides loop (Fig. 1a;
Ustaszewski et al., 2008). While the South Carpathians segment un-
derwent a coeval gradual clockwise rotation of up to 90° (e.g., Balla,
1984, 1986, 1987; de Leeuw et al., 2013; Dupont-Nivet et al., 2005;
Patrascu et al., 1990, 1992, 1993; Panaiotu and Panaiotu, 2010), this
rotation decreases to 25°-30° in the Serbian Carpathians segment and
becomes negligible in the Balkanides (Lesic et al., 2019; van Hinsbergen
et al., 2008).

The Paleocene — Eocene orogen-parallel extension reactivated the
inherited basal thrust of the Getic unit in the South Carpathians and
exhumed the Danubian nappe-stack along an extensional detachment,
forming the Danubian window (Figs. 1b, 2; Fiigenschuh and Schmid,
2005; Matenco and Schmid, 1999; Moser et al., 2005; Schmid et al.,
1998). During the late extensional exhumation of the Danubian nappes,
the main Eocene nappe stacking of the Balkanides took place, which
truncated or partly reactivated the late Early Cretaceous thrusts and was
followed likely by renewed thrusting in the West Balkans unit (Burchfiel
and Nakov, 2015; Schmid et al., 2020; Vangelov et al., 2013). The
orogen-parallel extension was followed by the formation of late Oligo-
cene — early middle Miocene high offset curved strike-slip dextral Cerna
and Timok Faults (Figs. 1b, 2 and 3; Berza and Draganescu, 1988;
Krautner and Krsti¢, 2002; Ratschbacher et al., 1993). The 35 km late
Oligocene offset of the Cerna Fault and 65 km late Oligocene — early
Miocene offset along the Timok Fault are documented by displaced
Devonian ophiolites in the Danubian/West Balkan units basement
(Tisovita-Iuti, Deli Jovan and Zaglavak, see Fig. 2) or by displaced South
Carpathians nappe stack and intramontane basins (Berza and
Draganescu, 1988; Krautner and Krsti¢, 2002; Ratschbacher et al.,
1993). The Timok Fault is thought to have transferred its offset to
thrusting southwards in the Balkanides (e.g., Schmid et al., 2020, and
references therein) and to transtension and extension in the frontal part
of the South Carpathians (e.g., Rabagia and Matenco, 1999). Further
away from the Moesian Platform, in the hinge of the backarc-convex
orocline (i.e., the internal Serbian Carpathians), the strike-slip defor-
mation was more distributed, previous studies being unable so far to
identify regional-scale structures that may have accommodated signifi-
cant strike-slip offsets (Mladenovic et al., 2019; Krstekanic et al., 2020).

Dextral strike-slip displacement of the Cerna and Timok Faults was
largely coeval with the Oligocene-Miocene orogen-perpendicular
extension in the Pannonian Basin and its southern Morava Valley
Corridor prolongation (Figs. 1b, 2 and 3), thought to have been driven
by the coupled effect of the roll-back of Carpathian and Dinaridic slabs
(Andri¢ et al., 2018; Balazs et al., 2016; Erak et al., 2017; Horvath et al.,
2006; Matenco and Radivojevic, 2012; Stojadinovic et al., 2013, 2017;
Toljic et al., 2013). The E-W oriented extension in the Morava Valley
Corridor started during the Oligocene (~29-27 Ma) and lasted until the
middle Miocene (Erak et al., 2017; Matenco and Radivojevic, 2012; Sant
et al., 2018), affecting the internal segments (i.e., the hinge of the oro-
cline) of the Serbian Carpathians (Krstekani¢ et al., 2020). Several
lacustrine intramontane basins overlie the Cretaceous orogenic fold-
and-thrust structure of the Serbian and South Carpathians (Figs. 2 and
3, Table 1). Among these, the oldest sediments are middle to upper
Eocene lacustrine turbidites observed at the base of the Babusnica Basin
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Fig. 3. Geologic cross-sections in the studied area. Surface to depth projection is based on the field kinematic data from this study and the Basic geologic map of
former Yugoslavia, scale 1:100.000. The locations of the cross-sections are displayed in Fig. 2. The strike of each cross-section is indicated in the upper right corner of
the section. No vertical exaggeration has been applied. FT - Forebalkan Thrust; GT - Getic Thrust; WT - West Balkan Thrust.

(Fig. 3e, Table 1; de Bruijn et al., 2018; Markovic et al., 2017). Most of
the other basins are filled with lower middle Miocene — Pliocene sedi-
ments, such as the Sokobanja, Zagubica and Svrljig Basins (Figs. 2, 3d, g,
Table 1; Kaleni¢ et al., 1980; Lazarevi¢ and Milivojevi¢, 2010; Markovic,
2003; Obradovic and Vasic, 2007; Sant et al., 2018). The sedimentation
in the Bela Palanka and Pirot basins is thought to have started only
during Pliocene times (Table 1; Andelkovi¢ et al., 1977; Vujisi¢ et al.,
1980). Other basins are observed along the Cerna and Timok Faults,
some connected with the coeval marine sedimentation overlying the
Moesian Platform (Figs. 2, 3a-c). The middle Miocene Donji Milanovac
and Orsova Basins opened along the Cerna Fault (Fig. 2, Table 1;
Bogdanovi¢ and Raki¢, 1980; Krautner and Krsti¢, 2003), while the
lower-middle Miocene sediments of the Timok and Knjazevac Basins
(Krsti¢ et al., 1976; Rundi¢ et al., 2019; Veselinovic¢ et al., 1975) are
truncated by and overlie the Timok Fault (Figs. 2, 3b, c). Previous
studies have shown that some of the E-W trending basins (e.g., Zagubica,
Krivi Vir, Sokobanja and Svrljig, Figs. 2 and 3g) were formed during a
middle Miocene period of orogen-parallel extension, controlling their
lacustrine deposition (Fig. 2; Krstekanic et al., 2020).

3. Methodology
3.1. The structural mapping approach

We have performed a field structural and kinematic analysis in the
Serbian Carpathians and their transition to the Balkanides (Fig. 2). First,
we identified the major faults or fault zones by using the existing
1:100.000 scale geologic maps (Basic geologic map of former Yugo-
slavia). These maps were also used for identifying other major regional
structures (such as km-scale folds or uplifted and exhumed basement),

Table 1

correlations with neighbouring areas and for defining the timing of post-
Cretaceous tectonic events by combining observations of stratigraphic
offsets along faults and sealing post-kinematic deposits (see also
Dimitrijevi¢, 1997; Krautner and Krsti¢, 2003; Schmid et al., 2008, 2020;
Krstekanic et al., 2020 and references therein). The studied major
structures include the curved dextral strike-slip Cerna and Timok Faults,
two sub-parallel narrow (i.e., up to a few hundreds of meters wide)
NNW-SSE oriented corridors of Paleogene to Miocene sediments and
fault zones (the Sokobanja-Zvonce and Rtanj-Pirot Faults zones) and
several E-W oriented normal faults bounding Miocene intramontane
basins (Fig. 2). During fieldwork, we focussed on mapping the kine-
matics of large-offset faults and fault zones within post-Cretaceous
sediments that are pre- to syn-kinematic to the observed faulting. Sub-
sequently, we documented kinematics and the faulting superposition (by
observing cross-cutting relationships, tilting, rotations and truncation)
along the strike of these structures in the ophiolites, pre-Alpine granit-
oids and basement and the Mesozoic cover of the Getic and Danubian
units (Fig. 2). We also investigated the middle Miocene intramontane
basins, where we focused our mapping on the kinematics of the basin-
controlling E-W oriented faults and their interaction with the connect-
ing NNW-SSE oriented fault zones (Fig. 2). Furthermore, we mapped and
analysed the kinematics of reactivated nappe contacts in the western
Balkanides segment of the orocline (east and in the vicinity of the Timok
Fault in Fig. 2).

All observed deformation has a brittle character. Field measurements
include orientations of faults and fault zones, foliations within fault
gouge and cataclasite, faulting-related cleavage and observations of
tilting and rotations. Slickenside kinematic indicators (including calcite
slickenfibres, grooves and other brittle indicators), Riedel shears and
brittle shear bands in fault gouge and foliated cataclasite were used to

Summarized ages of the intramontane basins in the South and Serbian Carpathians in Fig. 2. Ages are based on the correlations of geologic maps of former Yugoslavia
and Romania, publications cited in the table and basins age synthesis in Krstekanic et al. (2020).

Basin Sedimentary infill age

References

Babusnica Initial infill: middle — upper Eocene (38-34 Ma)
Middle stage: Oligocene (33-30 Ma)

Final infill: Pliocene (~5 Ma)

Initial infill: lower Miocene? (~17-15 Ma)

Main infill: lower middle Miocene (15-13 Ma)

Bozovici

Bela Palanka

de Bruijn et al. (2018); Markovi¢ et al. (2017); Vujisi¢ et al. (1980)

Codrea (2001); Hir et al. (2016)

Early Pliocene (~5 Ma)

Donji Lower middle Miocene
Milanovac

Knjazevac Initial infill: lower Miocene (~17 Ma)
Main infill (marine ingression): lower middle Miocene (15-13
Ma)
Final infill: upper middle Miocene

Kucevo Initial infill: lower middle Miocene (15-13 Ma)
Final infill: upper middle Miocene

Krivi Vir Initial infill: late Oligocene (~24.5-23 Ma)
Main and final infill: lower to upper Miocene?

Orsova lower middle Miocene to upper middle Miocene

Pirot Early Pliocene (~5 Ma)

Sichevita Middle Miocene

Sokobanja Initial and main infill: lower middle Miocene (15-13 Ma)
Final infill: upper Miocene? — Pliocene?

Svrljig Initial and main infill: lower middle Miocene (15-13 Ma)
Final infill: upper Miocene? — Pliocene?

Timok Initial infill: lower Miocene (~17 Ma)
Main infill (marine ingression): lower middle Miocene (15-13
Ma)
Final infill: upper middle Miocene

Zaplanje Initial and main infill: lower middle Miocene (15-13 Ma)
Final infill: upper Miocene? — Pliocene?

Zagubica Initial and main infill: lower middle Miocene (15-13 Ma)

Final infill: upper Miocene? — Pliocene?

Vujisi¢ et al. (1980)
Bogdanovi¢ and Raki¢ (1980)

Djurovié¢ and Zivkovié (2013); Krsti¢ et al. (1976); Rundi¢ et al. (2019); Veselinovi¢ et al.
(1975)

Kalenic¢ et al. (1980); Lazarevi¢ and Milivojevic (2010)

Mai (1995); Veselinovic et al. (1970); Zujovi¢ (1886)

Geological map of Romania

Andelkovi¢ et al. (1977)

Geological map of Romania

Krstic et al. (2012); Sant et al. (2018); Veselinovic et al. (1970)

Krstic¢ et al. (1976); Krstic et al. (2012); Sant et al. (2018)

Djurovié¢ and Zivkovié (2013); Krsti¢ et al. (1976); Rundi¢ et al. (2019); Veselinovi¢ et al.
(1975)

Obradovi¢ and Vasi¢ (2007); Sant et al. (2018); Vujisi¢ et al. (1980)

Antonijevi¢ et al. (1970); Lazarevi¢ and Milivojevi¢ (2010); Sant et al. (2018)
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derive the sense of shear along faults and fault zones by considering
confidence criteria and quality ranks (e.g., Angelier, 1994; Doblas,
1998; Sperner and Zweigel, 2010). The fault-slip data was separated by
superposition, timing criteria and consistency of slip direction and sense
of slip. Data collected in outcrops (Supplementary Appendix A, B)
located in proximity and along the same map-scale structure are ana-
lysed together. We grouped the analysed data into structures (circled
numbers and points in Figs. 4, 6 and 8) that combine multiple obser-
vation points.

3.2. Deformation analysis

We focussed only on the post-Cretaceous and pre- late Miocene
deformation related to the Cerna and Timok Faults system and their
associated structures. The older pre-Cenozoic structures are discrimi-
nated by mapping in the major post-Cretaceous fault zones, observed
superposition criteria and their comparison with the previously studied
Cretaceous tectonic events, such as orogen-perpendicular shortening(s)
that created the Carpatho-Balkanides nappe-stack or Late Cretaceous
backarc extension (e.g., Schmid et al., 2008; Gallhofer et al., 2015;
Mladenovic et al., 2019; Krstekanic et al., 2020). The Oligocene — middle
Miocene orogen-perpendicular extension is observed in the Morava
Valley Corridor in the convex side of the orocline to decrease eastwards
(Erak et al., 2017; Stojadinovic et al., 2013, 2017; Tolji¢ et al., 2013),
which is coeval with the activity of Cerna and Timok Faults (Mladenovic
et al., 2019; Krstekanic et al., 2020. This observation enabled a sepa-
ration of kinematics of these different coeval expressions of strain par-
titioning during the oroclinal formation (see also Krstekanic¢ et al.,
2020). It is important to note that in most situations of cross-cutting,
structures showing different kinematics (e.g., strike-slip and normal
faults) or orientations (e.g., two sets of dextral strike-slip faults) mutu-
ally truncate each other in outcrops. In such cases, we associate these
structures to the same tectonic event.

The post-Cretaceous kinematics observed in multiple outcrops along
strike of the major faults is assigned to its specific expression at map
scale, which enabled an analysis of strain partitioning observed along
major faults or fault zones. The lateral correlation between outcrops is
based on the character of deformation in similar lithologies (e.g., fault
gouges versus individual fault planes or brittle shear bands) as well as on
the compatibility of deformation and offsets observed in the field with
the one at the map scale. We present the mapped fault-slip data as being
the result of a single large tectonic event because the observed cross-
cutting relationships of reported structures with significantly different
kinematics (normal, strike-slip and reverse faults) do not allow their
separation to different events. These relationships demonstrate that
structures of different kinematics formed coevally in the same area,
which is a typical indication for strain partitioning.

The type of strain partitioning often observed in our dataset is related
to local vertical axis rotations of earlier segments of faults in the same
fault zone, restraining and releasing bends, horse-tail geometries, step-
overs, thrusting associated with tear-faulting, or drag folding. We pro-
vide solutions for the type of observed strain partitioning based on ki-
nematic effects, such as folds or strata rotations observed in outcrops by
connecting field data and carefully following the same structure along
its strike. Further information on this strain-based approach is available
in published kinematic studies (e.g., Krstekanic et al., 2020; van Gelder
et al., 2015; van Unen et al., 2019a, 2019b).

The observed strain partitioning is not suitable for deriving paleo-
stress directions by kinematic data stress inversion. Paleostress inversion
methods require that fault-slip measurements are taken along faults that
do not have large offsets (i.e., kilometres to tens of kilometres) that are
comparable with the fault size (e.g., Twiss and Unruh, 1998), which
contrasts with the measured kinematics along faults that have offsets
reaching tens of kilometres. Kinematic measurements taken within
wide, large offset fault zones do not satisfy the Wallace-Bott criteria
(Yamaji, 2003, and references therein) and are often associated with
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strain partitioning during deformation. Furthermore, one of the as-
sumptions of the paleostress inversion methods is that fault kinematic
data is derived from independently slipping faults and that there is no
fault interaction (Angelier, 1979, 1989), which contrasts with the
observed fault system. In addition, lithological contrasts between rocks
with contrasting strength, such as limestones and volcaniclastics are
often activated by large-offset faults. All these paleostress methodology
limitations are otherwise well-known (e.g., Célérier et al., 2012; De
Vicente et al., 2009; Hippolyte et al., 2012; Jones and Tanner, 1995;
Lacombe, 2012; Orife and Lisle, 2003; Sperner and Zweigel, 2010).

4. Kinematic observations

Our dataset is presented in relationship with the major (i.e. large
offset) structures, which are the Cerna and Timok Faults (Figs. 4, 5), the
NNW-SSE oriented Sokobanja-Zvonce and Rtanj-Pirot Faults (Figs. 6, 7a-
g) and the E-W oriented normal faults controlling the formation of
Miocene basins (Figs. 7g, h and 8). The kinematics of regional faults was
used to construct seven regional cross-sections (Fig. 3), which are both
perpendicular and parallel to the main orogenic structures. The struc-
ture at depth is constructed only from surface kinematic projections by
following the definition of the main tectonic units and the observed
lateral variability of stratigraphy. Therefore, the degree of uncertainty of
these cross-sections increases with depth.

4.1. Connecting the Cerna and Timok strike-slip with the Balkanides
thrusting

The curved Cerna and Timok Faults system offsets the Cretaceous
nappe-stack, the late Cretaceous basin(s) and the Eocene extensional
Danubian window (Figs. 2, 4). The strike of these faults changes from
NE-SW in the north, N-S in the centre, to NW-SE in the south. All
observed deformation related to these faults is dominantly associated
with (sub-)vertical strike-slip faults (Fig. 4). In the main fault zones, we
commonly observed numerous closely-spaced (i.e., at tens of centi-
metres distance) sub-vertical faults with fault gouges and similar kine-
matics (e.g., Figs. 5a, d), decametre-scale, corrugated and striated fault
surfaces (e.g., Fig. 5b), or several metres thick fault gouge zones that
often display foliation (Figs. 5c, f).

Deformation along the Cerna and Timok Faults is often partitioned
along multiple (sub-)parallel strands (e.g., structures S1, S5 and S13 in
Fig. 4) that accommodate variable offsets. High-angle to vertical dextral
strike-slip faults that are parallel to the map-view orientation of the
Cerna or Timok Faults are observed in all locations (colour 1 in Fig. 4).
Numerous secondary structures oriented obliquely to the strike of the
Cerna or Timok Faults are also observed (Fig. 4), which demonstrate the
presence of associated structures with different kinematics and/or local
strain partitioning by different styles of branching or splaying, local
rotations and up to kilometre-scale negative or positive flower structures
(e.g., S1 and S13 in Fig. 4).

The segment of the Cerna Fault running through the Iron Gates gorge
of the Danube River and its flanks (Figs. 2, 4) offsets the Danubian
basement to the NW from its Mesozoic sedimentary cover to the SE and
has at least two major strands (S1, Fig. 4). The main strand is outcrop-
ping along the NW bank of the Danube, exposing a high-density dextral
strike-slip zone (Fig. 5a) or decametre-scale fault surfaces visible over
the gorge walls (Fig. 5b). Furthermore, this strand is associated with up
to several meters thick, weakly foliated fault gouge often observed in
granites (the Variscan Ogradena granite, Fig. 5¢). In the same gorge area
to the southeast, the SE Cerna Fault strand (S1, Fig. 4) shows a more
distributed deformation without distinct high-strain fault gouge for-
mation. Outcropping between these two strands, a narrow sliver of
highly deformed uppermost Jurassic — Lower Cretaceous sediments of
the Ceahlau-Severin unit is tectonically overlying the uppermost
Danubian sedimentary cover (see zoom-in of Fig. 3a; see also Krautner
and Krsti¢, 2003). The overall map and cross-section geometry shows a



N. Krstekanic et al. Global and Planetary Change 208 (2022) 103714

S11, P31 $10, P32
S6
S7
\
AN
N
\ ~
~
Stereonet \ S8
legend
_— . S9
2 S10)
3 8, P28-29
A\ fi? K PiB S11
4 1\ \\ ) GTS1
5 A \*\ o
S13
6 N 9, P3| aQ o
7 A\ g 3
8 \ \
9 W : :
A \
10 (% KvA
! 0—:10km

Fig. 4. Structural map of the Cerna and Timok Faults and neighbouring Balkanides thrusting areas with lower hemisphere stereographic projections of measured
faults and foliations within fault gouge. The location of the map is displayed in Fig. 2. Faults covered by Neogene sediments or faults with unclear prolongation are
dashed. Numbered structures in stereonets correspond to map-scale structures with the same number. Each structure may combine multiple observation points. S -
structure; P - observation point; fault planes without a sense of shear are measured foliations within fault gouge; cf - density plot of the poles of foliation in fault
gouge. Faults measured in outcrops are located within or correlated with faults at map-scale with the same kinematics. Their genetic interpretation follows the
stereonet legend: 1 - faults parallel with the main map-scale dextral strike-slip fault, 2 - clockwise rotated dextral strike-slip faults within the main fault zone, 3 - faults
connecting main fault strands, generally corresponding to the orientation of P- shears, 4 - dextral strike-slip faults splaying from the main fault zone, generally
corresponding to the orientation of R-Riedel shears, 5 - conjugated sinistral strike-slip fault, 6 - normal fault with an oblique-slip component, 7 - thrusts and reverse
faults with an oblique-slip component, 8 - late-stage NE-SW to E-W oriented dextral faults offsetting the main fault zones, 9 - cleavage, 10 - unclear structures, 11 -
bedding. CF - Cerna Fault; DBF - Dzevrin-Balta Fault; DjO - Deli Jovan ophiolite; FT - Forebalkan Thrust; GT - Getic Thrust; KnB - Knjazevac Basin; KvA - Kusa Vrana
anticline; PiB - Pirot Basin; RPF - Rtanj-Pirot Fault; SZF - Sokobanja-Zvonce Fault; TF - Timok Fault; TiB - Timok Basin; TiO - Tisovita-Iuti ophiolite; WT - West Balkan
Thrust; ZaO - Zaglavak ophiolite.
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Fig. 5. Interpreted field photos of structures (and their stereographic projections) associated with the Cerna and Timok fault zones. Locations of photos are displayed
in Fig. 4. The legend of fault colours is the same as in Fig. 4. a) Cerna Fault deformation zone along the flanks of the Iron Gates gorge in the NW fault strand at studied
point P1. The fault zone affected Lower Cretaceous limestones by the formation of a pervasive high-angle to vertical foliation in fault gouge that displays often brittle
senses of shear, plotted as fault planes with a sense of shear in the stereonet. b) Decametre scale fault plane with large scale striations and corrugations affecting
Upper Jurassic limestones in the Cerna Fault zone along the flanks of the Iron Gates gorge in the NW at studied point P1. For the scale, note the two standing men in
the black rectangle. c) Metres-thick fault gouge and foliation and zoomed detail in the Variscan Ogradena granite in the Cerna Fault zone along the NW flanks of the
Iron Gates gorge at studied point P5. The position of the zoom-in photograph is indicated by the black rectangle. d) High-density fault system in Tithonian limestones
along the Timok Fault zone at the eastern margin of the Timok and KnjazZevac Basins at studied point P21. Deformation is characterized by decametre-scale N-S
oriented faults (green) parallel to the Timok Fault, associated P-shears (orange) and transtensional normal faults (blue). e) Oblique normal faults in Tithonian
limestones within the Timok Fault deformation zone along the eastern margin of the Timok and Knjazevac Basins at studied point P21. f) Fault gouge with sub-
vertical foliation in the Devonian Zaglavak ophiolite (sheared and serpentinised gabbro) in the Timok Fault deformation zone at studied point P23. g) Oblique
thrust in Tithonian limestones at studied point P29. h) Transfer of strike-slip deformation into thrusting in Jurassic limestones of the West Balkan unit at studied point
P32. i) Overturned fold limb associated with low-angle pervasive axial plane cleavage in Lower Cretaceous marls in the footwall of the Getic Thrust at studied point
P33. j) Sub-vertical and pervasive axial plane cleavage in Upper Jurassic limestones in hanging-wall of the Getic Thrust at studied point P33. k) Entrance to the Jerma
gorge at studied point P36. Lower Cretaceous limestones building the flanks of the gorge are affected by strike-slip and thrust faulting in a large positive flower
structure along the southern prolongation of the Timok Fault. I) WNW-ESE oriented dextral splay connecting two strands of the Timok Fault in the positive flower
structure of the Jerma gorge at studied point P36. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

dextral negative flower structure. Between the two main strands defor- the change in orientation of the Cerna Fault, which becomes more N-S
mation is accommodated by connecting oblique normal faults or con- oriented (S2, Fig. 4). Within the main fault zone, Cerna-parallel faults
necting P-shears (S1 in Fig. 4), while R-Riedel shears show splaying truncate earlier dextral faults rotated clockwise and are associated with
towards the NE (S1 in Fig. 4). Southwards, outcrop-scale faults follow few normal faults (S2, Fig. 4). Furthermore, the main N-S oriented Cerna
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Fig. 6. Structural map and lower hemisphere stereographic projections of measured faults and foliations within fault gouge associated with the Sokobanja-Zvonce
and Rtanj-Pirot strike-slip faults. The location of the map is displayed in Fig. 2. Faults covered by Neogene sediments or faults with unclear prolongation are dashed.
Numbered structures in stereonets correspond to map-scale structures with the same number. Each structure may combine multiple observation points. S - structure;
P - observation point. Fault planes without a sense of shear are measured foliations within fault gouge. Faults measured in outcrops are located within or correlated
with faults at map-scale with the same kinematics. Stereonet legend is the same as in Fig. 4. BaB - Babusnica Basin; BpB - Bela Palanka Basin; PiB - Pirot Basin; RPF -
li{tanj—Pirot Fault; SoB - Sokobanja Basin; SvB - Svrljig Basin; SZF - Sokobanja-Zvonce Fault; TF - Timok Fault.

Fault segment is offset by few hundred meters along a later NE-SW
oriented dextral fault (S3, Fig. 4). Further south, the Cerna Fault changes
its orientation to NW-SE and separates by dextral strike-slip the base-
ment of the Getic unit to the west from the Danubian basement to the
east. Along this segment, besides the Cerna-parallel, rotated faults or P-
shears, all with a dextral sense of shear, a kinematically unclear type of
likely sinistral normal faults have been observed outside and at farther
distances from the main Cerna Fault zone (S4, Fig. 4).

Unlike the Cerna Fault, the Timok Fault is generally buried in its
northern and central segments by the middle Miocene sediments of the
Getic Depression and Timok and Knjazevac Basins. This is where the 65
km offset along this fault has been constrained by the distance between
the truncated Deli Jovan and Zaglavak ophiolites (Fig. 4, see also
Krautner and Krsti¢, 2002). In this area, the Timok Fault crops out in one
outlier at the transition between the Timok and Knjazevac Basins (S5,
Fig. 4), where the N-S oriented Timok Fault separates the Forebalkan
cover (Tithonian limestones) to the east from the Timok zone of the
Getic unit (Turonian clastics) to the west. These Tithonian limestones
are intensely deformed (Fig. 5d) by sub-vertical N-S oriented dextral
strike-slip faults grouped in at least 3 closely spaced main strands that
display decametre-scale fault surfaces. These strands are connected by
splays and often truncate earlier, clockwise rotated, dextral faults, while
the main fault zone is offset by late-stage E-W oriented dextral faults (S5,
Fig. 4). The same area shows oblique, top to W or NW normal faults that
are both truncated and truncate dextral faults (S5 in Fig. 4, see also
Fig. 5d, e). The character of deformation remains similar south of the
Knjazevac Basin until the Pirot Basin, but all structures are rotated to
become parallel with the NNW-SSE Timok Fault main orientation. In this
area, dextral strike-slip separates the Getic unit (Lower Cretaceous
limestones) to the west from the West Balkan unit (the Zaglavak
ophiolite, basement and Permian cover) to the east (Fig. 4). The defor-
mation is distributed to discrete striated fault surfaces and rare foliated
fault gouges (e.g., Fig. 5f). Most dextral faults and fault gauge foliations
have the NNW-SSE Timok Fault orientation (S7-9, S13, Fig. 4), associ-
ated with obliquely oriented, clockwise rotated dextral faults, splays or
conjugated sinistral faults (S7 and S13, Fig. 4). Further south, defor-
mation associated with the Timok Fault is partitioned in two areas,
associated with different sets of structures.

The first area is located immediately north of the Pirot Basin (Fig. 4),
where structures document a gradual transfer from the top- N to NNW
Srednogorie/Getic thrust (S10-12) to multiple splays changing gradually
their kinematics westwards to reverse faults with a dextral component,
which are ultimately connected to the NNW-SSE oriented Timok Fault
(S8-9). For instance, this transfer can be observed by NW-SE dextral
transpressive faults (Fig. 5g) that gradually change their orientation and
get connected with top-NNW thrust faults in Jurassic limestones of the
West Balkan unit to the SW (Fig. 5h), or by a pervasive cleavage asso-
ciated with the same thrusting. The dip of this cleavage (high- versus
low-angle) reflects a different degree of drag-folding in the footwall
(Fig. 5i) versus the hanging-wall (Fig. 5j), as a function of different li-
thologies (shales versus limestones, respectively), associated locally
with oblique S- to SSE-ward backthrusting (structure S12 in Fig. 4).
Overall, the system of faults observed in this area documents a transfer
of the top- N to NNW thrusting observed at the Getic/West Balkan
contact (i.e., the Getic Thrust, Figs. 2-4) to the NNW-SSE oriented
dextral offset along the Timok Fault.

South of the Pirot Basin, Timok-type deformation is observed in the
Jerma river gorge in Tithonian to Lower Cretaceous limestones (S13,
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Fig. 4). Here, two main NNW-SSE oriented strands of the Timok Fault
(Fig. 5k) are connected and change their orientation to NW-SE and ki-
nematics to dextral transpressive to define a positive flower structure.
The flower structure is associated with thrusts (Fig. 5k), connecting
splays (Fig. 51), conjugated sinistral faults and truncated, clockwise
rotated, earlier dextral faults (S13, Fig. 4). In this area, the Timok Fault
offsets the Kusa Vrana anticline axis by ~8 km (Fig. 4). This implies that
only a small part of the 65 km Timok Fault offset measured north of the
Pirot Basin can still be recognized southwards.

4.2. Strike-slip deformation along the Rtanj-Pirot and Sokobanja-Zvonce
Faults

West and southwest of the Timok Fault, large, kilometres-sized off-
sets along dextral strike-slip faults are for the first time observed in our
study along a larger array of ~NNW-SSE oriented structures. Among
these structures, two have larger offsets and are herewith named the
Rtanj-Pirot Fault and the Sokobanja-Zvonce Fault (RPF and SZF in
Figs. 2, 6). Within these fault zones, deformation is transferred or par-
titioned along multiple strands and splays. Similar to the Cerna and
Timok Faults, the character and type of deformation along these faults
changes along their strike, often as a function of lithology, from tens of
metres thick foliated fault gouges, pervasive (sub-) vertical faulting with
similar kinematics to individual fault surfaces with striations (Fig. 7).

The most frequent structures are NNW-SSE oriented dextral faults,
parallel to the map-scale orientation of the RPF and SZF (Fig. 6). These
faults often truncate Upper Cretaceous or Paleogene strata (Fig. 7a, b) or
tilt them to (sub-)vertical position (Fig. 7c). These dextral faults often
display flower structure geometry (Fig. 7b). Similar to the Cerna and
Timok Faults, these structures are associated with conjugated sinistral
faults, earlier formed and clockwise-rotated dextral faults during the
same dextral deformation, splays and dextral faults connecting different
strands, as well as oblique thrusts and normal faults (Fig. 6). Earlier
formed dextral faults are locally folded by dragging during the forma-
tion of splays (e.g., S6, Figs. 6 and 7d). The Rtanj-Pirot Fault is generally
transpressive (e.g., the positive flower structure of Fig. 7b), while the
Sokobanja-Zvonce Fault is generally transtensive, documented by obli-
que dextral-normal faults (S2, S5, S7, S8, Figs. 6 and 7e). The SZF
bounds and controls the deposition in NNW-SSE oriented corridors filled
with middle Miocene sediments (S2-7, Fig. 6), while truncating the
Eocene deposits in the similarly oriented Babusnica Basin (S8-12 in
Figs. 6 and 7e). Rtanj-Pirot and Sokobanja-Zvonce Faults are both con-
nected with the Timok Fault to the SSE (Fig. 6).

Two strands of the Rtanj-Pirot Fault splay off of the Timok Fault in
the SSE, while to the NNW they show secondary splays that are cross-cut
by the western strand. The example of structure S20 (Fig. 6) shows that
the eastern NNW-SSE oriented strand changes its orientation by splaying
into an E-W oriented fault zone associated with ~15 m thick foliated
fault gouge (Fig. 7f). This E-W splay is truncated or terminated by the
other NNW-SSE oriented strand located to the west. Similar truncated or
terminated splays can be observed also to the NNW (e.g., S17 in Fig. 6).
The Rtanj-Pirot Fault terminates to the NNE by splaying and the for-
mation of a horse-tail structure in the area of the Rtanj Mountains (514 -
S16, Fig. 6).

The Sokobanja-Zvonce Fault shows a similar interaction by the for-
mation of two main strands that are connected to the Timok Fault in the
SSE. These strands show locally truncated splays (e.g., S12 in Fig. 6),
which get connected or split again to the NNW (S8 in Fig. 6). Besides
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Fig. 7. Interpreted field photos of structures (and their stereographic projections) associated with the strike-slip and normal faulting. Locations of photos are dis-
played in Figs. 6 and 8. The legend of colours in stereonets is the same as in Fig. 4. a) Sub-vertical pervasive dextral faulting affecting Paleogene clastics along the
Rtanj-Pirot Fault at studied point P54. Note the blue notebook in the black rectangle for scale. b) Positive flower structure in Upper Cretaceous volcaniclastics along
the Rtanj-Pirot Fault at studied point P44. The entire outcrop is affected by pervasive sub-vertical faulting. c¢) Tilted sub-vertical bedding in Upper Cretaceous
volcaniclastics with bedding-parallel dextral shearing along the Rtanj-Pirot Fault at studied point P56. d) Decametre-scale curved dextral faults in Lower Cretaceous
limestones in the Sokobanja-Zvonce Fault zone at studied point P74. The observed curvature of one fault is achieved by dragging along the adjacent sub-parallel fault
with the same or similar kinematics. e) Normal fault with oblique-slip component truncating upper Eocene-Oligocene sediments of the Babusnica Basin along the
Sokobanja-Zvonce Fault at studied point P79. f) Faulted Lower Cretaceous limestones illustrating deformation associated with the Rtanj-Pirot Fault at studied point
P60. The outcrop exposes ~15 m thick dextral fault gouge, which is a splay within the Rtanj-Pirot Fault zone (see structure S20, Fig. 6). Note the black backpack (in
the black rectangle) for scale. g) Dextral strike-slip fault intersecting with a top-N normal fault in Lower Cretaceous limestones along the Sokobanja-Zvonce Fault at
studied point P66. h) Low-offset conjugated normal faults in Upper Cretaceous volcaniclastics along the Rtanj-Pirot Fault at studied point P56. (For interpretation of
Ehe references to colour in this figure legend, the reader is referred to the web version of this article.)

dragging effects (e.g., S6, Figs. 6, 7d), often oblique-slip dextral normal Miocene strike-slip corridors, while our interpretation assumes a
faulting can be observed in the field to be associated with regional faults continuation in the same direction from beneath the middle Miocene
(e.g., S2, S5, S7, S8, Figs. 6, 7e). To the NNW, the Sokobanja-Zvonce cover of the Sokobanja Basin (S1 in Fig. 6)

Fault can be interpreted to flank both or one of the margins of the

S1, P65+87,

52, P66-67

Stereonet legend

Normal fault activated by
orogen-parallel extension

Fig. 8. Structural map and lower hemisphere stereographic projections of faults associated with orogen-parallel extension and Neogene basin formation. The
location of the map is displayed in Fig. 2. Faults covered by Neogene sediments or faults with unclear prolongation are dashed. Numbered structures in stereonets
correspond to map-scale structures with the same number. Each structure may combine multiple observation points. S - structure; P - observation point. Faults
measured in the outcrops are located within or correlated with faults at map-scale with the same kinematics. BaB - Babusnica Basin; BpB - Bela Palanka Basin; PiB -
Pirot Basin; RPF - Rtanj-Pirot Fault; SZF - Sokobanja-Zvonce Fault; SoB - Sokobanja Basin; SvB - Svrljig Basin; TF - Timok Fault.
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4.3. E-W oriented normal faults

Outside the main strike-slip fault zones, the Rtanj-Pirot and
Sokobanja-Zvonce Faults are connected by gradually rotating to E-W
oriented top-N normal faults that are roughly perpendicular to the
orogenic strike (Figs. 2, 6, 8). This is documented by a change in strike
and kinematics of faults from dextral NNW-SSE oriented to normal E-W
oriented. The normal faults control the sedimentation in the early
middle Miocene Sokobanja and Svrljig Basins, while the higher eleva-
tion of Paleozoic metasediments in their footwalls indicates exhumation
and block-tilting (Figs. 8, 3g). At the outcrop scale, there is a large
variability of the observed senses of shear, but in general, both N- and S-
dipping conjugated sets of normal faults are observed (Fig. 8). Defor-
mation along these normal faults is characterized by striated fault planes
or fault gouges. Their offset increases westwards, closer to the
Sokobanja-Zvonce Fault (e.g., Fig. 7g, S1 in Fig. 8), while towards their
eastern connection with the Rtanj-Pirot Fault, the deformation is more
distributed to a larger number lower offset, often conjugate normal
faults (e.g., Fig. 7h, S7 in Fig. 8).

The normal faults often truncate E-W oriented splays of the Rtanj-
Pirot and Sokobanja-Zvonce faults (e.g., S6 or S8 in Fig. 8), while they
show a mutual cross-cutting relationship with NNW-SSE oriented
dextral faults. For instance, normal faults truncate strike-slip faults (e.g.,
Fig. 7g, S2 in Fig. 6 and S1 in Fig. 8), but the opposite is also observed
either by truncation or by a gradual clockwise rotation of normal faults
when approaching a dextral strike-slip corridor (e.g., S2, Fig. 8). This
mutual interplay between normal and dextral strike-slip faulting
demonstrate that they formed during the same deformation event.

5. Summary and integration of outcrop- and map-scale
structures in the context of strain partitioning

The dominant strike-slip deformation observed on the outcrop scale
is in agreement with the regional structure, which shows large offset
dextral faults (Figs. 2 and 3). These faults include the previously known
Cerna and Timok Faults, but also the lower offset dextral, newly
discovered Sokobanja-Zvonce and Rtanj-Pirot Faults, as well as
numerous other similarly oriented smaller faults (Figs. 4 and 6). All
these structures cross-cut the Cretaceous nappe-stack of the Carpatho-
Balkanides orocline, including the Danubian nappes, and part of the
adjacent Balkanides (Figs. 2 and 3). Typically, these large strike-slip
faults are composed of multiple fault strands (e.g., area of Iron Gates
gorge, between the Timok and Knjazevac Basins, NNW of the Pirot Basin
or along the Babusnica Basin margins, Figs. 4, 6). Fault strands are often
connected by splaying, branching or truncations.

In the north, transtensional deformation created large-scale negative
flower structures along the Cerna and Timok Faults (Figs. 3a, b), opening
the middle Miocene Donji Milanovac and Orsova intramontane basins
(along Cerna) and the early — middle Miocene Timok and Knjazevac
Basins (along the Timok Fault, Figs. 2, 4). In the latter, oblique normal
faults likely root in the main Timok strike-slip strand in the subsurface
(Figs. 2, 3c and 4). Subsidence in these basins reaches a maximum near
the Timok Fault, where more than 1.5 km thick sediments are observed
(Marovic et al., 2007). Southwards, the NNW-SSE oriented segments of
the Cerna and Timok Faults (bounding the Deli Jovan and Zaglavak
ophiolites, respectively, in Fig. 2) dip ENE-wards and have similar ki-
nematics (Fig. 4, compare Cerna Fault in Fig. 3b with Timok Fault in
Fig. 3d). This observation suggests that the Cerna Fault and the southern
segment of the Timok Fault made up the same fault prior to the 65 km
dextral offset of the Timok northern segment.

The decrease in dextral offset from 65 km in the area of the Zaglavak
ophiolite to 8 km south of the Pirot Basin is partly accommodated by the
transfer of Timok strike-slip deformation to thrusting in the Balkanides
(Figs. 2 and 4). Outcrop-scale fault kinematics document this transfer
immediately north of the Pirot Basin where dextral and reverse oblique
faulting gradually changes to thrusting and internal folding of the
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frontal Getic nappe in the Balkanides, with cumulative shortening in the
order of less than 10 km (Figs. 3e, f). The remaining dextral offset is too
large to be accommodated by other dextral faults and the orogen-
parallel extension (see below). Therefore, we follow previous in-
terpretations (Schmid et al., 2020) and infer that a large part of the
Timok dextral offset is transferred to thrusting and deformation inside
the West Balkan unit, its frontal thrusting and internal deformation of
the Forebalkan unit (Fig. 3c-f). Deformation along the main thrusts has
often a dextral component, while their offset increases towards the
Timok Fault, where the nappe-stack has a dextral drag-folding geome-
try, in agreement with outcrop observations (Figs. 2 and 4). A structural
projection at the Permo-Triassic level indicates that the internal short-
ening and frontal thrusting of the West Balkan unit are in the order of up
to 20 km, while probably less than 5 km in the Forebalkan unit (Fig. 3e,
f). Part of this overall Getic and West Balkan deformation must be late
Early Cretaceous in age by the correlation with the Danubian nappes,
which is constrained by post-tectonic Upper Cretaceous sediments
covering thrust contacts in the vicinity of the basal (frontal) Getic
thrusting (Ivanov, 1988; Vangelov et al., 2013; Schmid et al., 2020).
However, such overprinting relations are unclear elsewhere in the West
Balkan and Forebalkan units.

West of the Timok Fault, a part of the dextral offset is taken up by the
dextral Rtanj-Pirot and Sokobanja-Zvonce Faults (Fig. 3c-e), which splay
off the Timok Fault in the south (Figs. 2 and 6). The Rtanj-Pirot Fault
deforms Late Cretaceous and Paleocene sediments (Figs. 3c-e, 6, 7a-c)
and has both transtensive and transpressive kinematics, observed by
outcrop- and map-scale positive flower structures (Figs. 6, 7b). The
transtensive kinematics is only locally observed at the connection with
some of the basins (e.g., Knjazevac and Sokobanja, Figs. 3c and 6), while
the transpressive kinematics is always associated with fault bends or
with fault splaying and stranding into multiple structures (Fig. 3d, e).
Although good map-scale regional offset markers are rare, we estimate
the fault offset based on displaced slivers of Upper Cretaceous strata
inside fault zones. These displacements accumulate ~10 km of dextral
offset in the south (north of the Pirot Basin), which increases northwards
to ~15 km in the area between Sokobanja and Svrljig Basins (Figs. 2, 6).

Westwards, the Sokobanja-Zvonce Fault truncates upper Eocene —
Oligocene sediments of the Babusnica Basin (Figs. 3e, 6 and 7e).
Transtensive kinematics along the fault created along-strike accommo-
dation space for the deposition of early middle Miocene sediments in a
narrow corridor along its strike (Figs. 3c, d, and 5). Based on map-scale
observations of dextral dragging in the Svrljig and Bela Palanka Basins
and associated E-W oriented normal faults, we infer that the Sokobanja-
Zvonce Fault accumulates 15-20 km of dextral offset (Figs. 2, 6). To the
NNW, offsets at both, the Rtanj-Pirot and the Sokobanja-Zvonce faults
decrease where they terminate in horse-tail structures north of the E-W
oriented Miocene basins (Fig. 2).

Regional E-W oriented normal faults correlate with the outcrop ki-
nematics and can be observed only west of the Timok Fault (Fig. 8).
These faults control the early middle Miocene subsidence and deposition
in multiple intramontane basins, among which the largest are the
Sokobanja and Svrljig Basins (Figs. 3d, g, and 8). These faults often splay
close to the surface into multiple sub-parallel faults that root likely into a
larger partly listric-geometry normal fault at depth (Fig. 3g). While
localized deformation along these normal faults leads to a total vertical
offset of up to 2 km (Fig. 3g) in central and western segments, defor-
mation is distributed over a higher number of low-offset faults farther to
the east, resulting in the narrowing of basins in the same direction
(Fig. 8). These E-W oriented normal faults connect with both the Rtanj-
Pirot and Sokobanja-Zvonce Faults in map view and outcrops by a
gradual change in strike and kinematics from E-W normal to NNW-SSE
dextral (Figs. 6, 8). Therefore, we have interpreted that the normal faults
connect at depth with these dextral strike-slip faults (Fig. 3c, d). In more
details, the normal faults splay from the Rtanj-Pirot Fault or otherwise
reactivate its E-W oriented strike-slip splays (Figs. 6, 8) and show a
mutual cross-cutting relationship with the Sokobanja-Zvonce Fault
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where they are also dragged in dextral strike-slip corridors (Figs. 6, 8).
The regional E-W oriented normal faults have higher offsets westwards,
and they are grouped in half-graben geometries (Sokobanja and Svrljig
Basins, Fig. 3d, g, see also Marovic et al., 2007). Similarly, this orogen-
parallel extension controlled the opening of the Zagubica Basin north of
the studied area (Fig. 2). However, normal faults controlling this basin
do not demonstrate clear map-scale interaction with dextral strike-slip
faults because to the north and northwest of our studied area strike-
slip deformation is distributed and rarely localizes along large-offset
structures (Krstekanic et al., 2020).

Global and Planetary Change 208 (2022) 103714

6. Discussion

In summary, our detailed outcrop- and map- scale observations and
correlations demonstrate that deformation is differently partitioned
west and east of the Cerna-Timok Fault system by a gradual change in
kinematics (Fig. 2). To the west, strain is partitioned between the Rtanj-
Pirot and Sokobanja-Zvonce strike-slip faults and orogen-parallel
extensional structures, where NNW-SSE to NW-SE oriented dextral
faults are connected by E-W striking normal faults. Such a connection is
counterintuitive for typical stress-inversion approaches when a regional

E 30 Ma

Fig. 9. Quantitative reconstruction with the Circum-
Moesian Fault System (CMFS) overlying a detail of a
Mediterranean quantitative paleogeographic and
f geodynamic reconstruction (modified after van
Hinsbergen et al., 2020). This is the only recon-
struction available where kinematic details of the
Carpatho-Balkanides areas are implemented with
sufficient details for a quantitative assessment. CF -
Cerna Fault; DjO - Deli Jovan ophiolite; FT - Fore-
balkan Thrust; GD - Getic Depression Basin; GT -
Getic Thrust; TF - Timok Fault; TiO - Tisovita-Iuti
ophiolite; WT - West Balkan Thrust; ZaO - Zaglavak
ophiolite. a) - d) Timesteps of the reconstruction at
30, 25, 20 and 15 Ma. The thickness of the grey arrow
lines in a) indicates an increase in the amount of
translation and clockwise rotation westwards.
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homogenous stress field is applied to map-scale fault kinematics and
evolution, and requires a more detailed strain partitioning explanation,
detailed in the subsequent sections. To the east and southeast, the Cerna-
Timok system transfers a large part of its offset to thrusting in the Bal-
kanides. The timing of this deformation is constrained by cross-cutting
relationships, deformation truncating Upper Cretaceous - Paleogene
sediments, syn- to post- kinematic deposition observed in the early-
middle Miocene sediments of the Timok and Knjazevac Basins, middle
Miocene of the Donji Milanovac, Orsova, Kuéevo, Zagubica, Sokobanja,
Svrljig Basins and the narrow middle Miocene corridors along the
Sokobanja-Zvonce Fault (Fig. 2). These timing constraints show that
deformation was active during post-Eocene and pre-late middle Miocene
times. Superposition criteria suggest that deformation started with a
deformation transfer from strike-slip to thrusting east of the Cerna-
Timok system while being coeval and followed by partitioning be-
tween strike-slip and orogen-parallel extension west of the same system.

6.1. The Circum-Moesian Fault System

The Circum-Moesian Fault System is related to the coeval formation
of contrasting types of deformation that affected the orogens around the
Moesian Platform. In our studied area of the Serbian Carpathians, this
system experienced partitioning of the major dextral deformation into
laterally continuous structures with different, orogen-parallel extension
and thrusting kinematics. This type of strain partitioning can be corre-
lated at a more regional area including the South Carpathians and Bal-
kanides during the gradual Oligocene — middle Miocene formation of the
backarc-convex orocline.

North of our studied area, the age of the prolongation of the Cerna
Fault is constrained to late Oligocene by the formation of the Petrosani
Basin in the South Carpathians (Fig. 1b, Berza and Draganescu, 1988;
Moser et al., 2005) during the gradual oroclinal bending and dextral
splaying demonstrated in the study by Ratschbacher et al. (1993). Our
Timok Fault kinematic data and regional observations are also in
agreement with the northward early Miocene transtensional formation
of the Getic Depression Basin in the South Carpathians foreland,
repeatedly reactivated and truncated during the subsequent middle-late
Miocene transpressional emplacement over the Moesian Platform
(Figs. 1b, 2; Krézsek et al., 2013; Matenco et al., 2003; Rabagia and
Matenco, 1999). The cessation of transtensional activity along the
Timok Fault is demonstrated by middle Miocene sediments (i.e., ~13.4
Ma, middle Badenian in the Eastern Paratethys local stratigraphic divi-
sion or late Badenian in the Central Paratethys domain) of the Getic
Depression, which seal the fault (Matenco et al., 2016).

To the south, the curved geometry and the thrusting offset of the
West Balkan unit decrease gradually to zero eastwards, away from the
drag-folding effect of the Timok Fault (Fig. 1). At the Balkanides scale,
the late Early Cretaceous and Eocene structuration can be demonstrated
only for the Getic/Sredna Gora and Forebalkan thrusting, respectively,
outside the area of the West Balkan unit (see also Schmid et al., 2020;
Vangelov et al., 2013). Therefore, it is likely that the West Balkan unit
was emplaced during the CMFS formation by partly transferring the
Timok-Cerna dextral offset to thrusting (Fig. 9). There are no further
geologic (or geochronologic) constraints available for more precise
timing of emplacement of the West Balkans unit in the vicinity of the
Timok Fault, but our superposition relationships indicate that the
overall eastward transfer of dextral strike-slip to thrusting was initiated
earlier than the westward transfer to normal faulting and intramontane
basin formation. The remaining ~8 km Timok dextral offset left south of
the Pirot Basin disappears southwards in a horse-tail structural geometry
(Vangelov et al., 2016). Our data do not confirm the previously specu-
lated south-eastwards connection between the Timok Fault and the
Maritsa Fault of the northern Rhodope (details in Schmid et al., 2020),
which is also not apparent in available geologic maps (see the 1:50.000
scale maps of the Bulgarian Geological Survey).
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6.2. Reconstruction and the influence of the geodynamic driver

Regional data infer that CMFS was active during a period of 15-17
Myr during the late Oligocene — middle Miocene (~30-13.4 Ma). By
cumulating the offset of the Cerna, Timok, Rtanj-Pirot and Sokobanja-
Zvonce Faults, the total amount of dextral motions accommodating
translations and rotations in the studied areas is in the order of 140 km.
This allows for calculating an average deformation rate of ~8.23-9.33
mm/yr, which is similar to other large intracontinental strike-slip faults,
such as the San Andreas Fault system (Mann, 2007). 140 km of dextral
displacement correlates with the amount of shortening recorded by the
external thin-skinned nappes of the SE Carpathians (e.g., Ellouz et al.,
1994), which started in Oligocene times, as demonstrated by low-
temperature thermochronology (Necea et al., 2021). This correlation
suggests that the shortening associated with the Carpathians subduction
has been directly transferred to the CMFS dextral strike-slip during the
formation of the backarc-convex orocline. Note that the amount of
shortening gradually increases in the Carpathians north of their SE
corner to 180 and 220 km or more (see van Hinsbergen et al., 2020 and
references therein), but such an increase is an effect of the clockwise
rotation around a pole located in the western Moesian platform (Fig. 9a;
the pole of rotation location is estimated after van Hinsbergen et al.,
2020 and structural patterns of this study). The same rotational effect
implies that deformation increases westwards in our studied area.

The CMFS postdates the Paleocene - Eocene orogen parallel exten-
sion recorded by the exhumation of the Danubian units and the coeval
thrusting in the Balkanides (Fiigenschuh and Schmid, 2005; Matenco
and Schmid, 1999; Schmid et al., 1998, 2020; Vangelov et al., 2013).
This extensional exhumation is an effect of the same general rotation
and translation of the Dacia mega-unit, which was significantly rotated
around the Moesian Platform already by the end of Eocene, as shown by
large-scale tectonic reconstructions (e.g., Fiigenschuh and Schmid,
2005; van Hinsbergen et al., 2020). This observation demonstrates that
dextral strike-slip faulting, related to the Moesian indentation, started
after the Eocene orogen-parallel extension and Balkanides thrusting, as
previously inferred (Ratschbacher et al., 1993). However, the present
dataset cannot preclude an earlier Eocene strike-slip precursor of the
Cerna or Timok Faults. The described variability in offsets along various
segments of strike-slip faults and their transfer to thrusting and normal
faulting demonstrate that the late Oligocene 35 km Cerna dextral offset
(separating the Tisovita-Iuti from the combined Deli Jovan and Zaglavak
ophiolite segments, Fig. 9b) was continued by a larger 65 km Timok
offset by shortcutting deformation in an eastward splay (offsetting the
Deli Jovan and Zaglavak ophiolite segments, Fig. 9¢). In other words, the
continuation to the south of the Cerna Fault is represented by the
southern part of the Timok Fault, which transfers deformation to the
West Balkan thrust system. Possibly, the Timok Fault was also activated
during the late Oligocene, but such activation requires deformation
transfer to relatively low thrusting offsets in the Balkanides (such as
along the Forebalkan Thrust, as suggested in Fig. 9b). The subsequent
Miocene Timok dextral offset was transferred mostly to the frontal
Getic/Sredna Gora and West Balkan thrust systems and associated in-
ternal deformation in the latter (Fig. 9c¢). It is also clear that dextral
dragging of these units (Fig. 1) was created by gradually eastwards
decreasing the amount of post-Eocene thrusting.

The ~20 Ma onset of Carpathian slab retreat, recorded by the for-
mation of the Pannonian backarc basin (e.g., Horvath et al., 2015),
changed the situation by dramatically increasing the total amount and
rates of CMFS dextral deformation during the formation of the backarc-
convex orocline, from 35 km pre-roll-back Cerna Fault displacement
(rate of ~3.5 mm/yr) to syn-roll-back 100 km offset of the combined
Timok, Rtanj-Pirot and Sokobanja-Zvonce (rate of up to ~2 cm/yr). This
process is also responsible for the rapid transtensional formation of the
Getic Depression Basin in the frontal part of the South Carpathians in the
prolongation of the Timok Fault (Krézsek et al., 2013; Rabagia and
Matenco, 1999). As deformation progresses and increases northwards,



N. Krstekanié et al.

older segments of the Cerna and Timok Faults were bent by the rotation,
while truncated by progressively younger NE-SW to E-W oriented
dextral faults (such as structure S3, Fig. 4). This gradual rotation
continued in the South Carpathians and its frontal Getic Depression,
where is truncated by subsequent NW-SE to NNW-SSE oriented late
Miocene strike-slip, which is the ultimate expression of dextral faulting
accommodating the movement around the Moesian margin during
rotation (Hippolyte et al., 1999; Matenco et al., 1997; Rabagia et al.,
2013; Ratschbacher et al., 1993;).

Correlating the observed structures with the coeval deformation
observed to the south and southeast in the Rhodope Mountains is more
difficult with data presented in our study, particularly because our
mapped prolongation of the Timok Fault south of the Pirot Basin has a
minor total offset and appears to terminate southwards in a horse-tail
structure. Such a continuation is not required for the post-Cretaceous
evolution because of the large-scale strain partitioning between the
western Hellenides shortening and the post 42 Ma extension (Rhodope,
southern Balkanides and Aegean) associated with the Aegean slab
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Fig. 10. Map-view sketch of strain partitioning in coupled NNW-SSE strike-slip
and N-S (orogen-parallel) extension. Blue and green lines are marker lines,
showing the situation before (blue) and after (green) the deformation. Black
arrows show displacement variability due to the slab pull. Arrows' size indicates
a relative difference in displacement magnitude. Note the increase in dis-
placements westwards and northwards, created by slab pull. Grey arrows are
indenter margin-parallel and perpendicular components of displacement. Half
arrows indicate overall dextral drag against the indenter. Because displace-
ments increase from south to north, there is an extension in the N-S direction
creating E-W oriented normal faults. Strike-slip faults accommodate the abrupt
change of indenter margin-parallel component of displacement. When there is a
more gradual change in displacements (like along the N-S oriented indenter
margin, northernmost marker line), there is no strike-slip faulting. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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retreat, which has a pole of rotation somewhere near the termination of
the Timok Fault (Fig. 1a, Brun and Sokoutis, 2007; Schmid et al., 2020,
van Hinsbergen et al., 2020). A SE continuation of the Timok Fault is
also prevented by the transfer of deformation to thrusting during
indentation, as shown by recent analogue modelling applied to the study
area (Krstekanic et al., 2021).

6.3. Mechanism of strain partitioning and similar observations elsewhere

The post-20 Ma pull exerted by the retreating Carpathian slab and
increasing the amount of deformation at farther distances from the pole
of rotation was accommodated by orogen-parallel extension and for-
mation of intramontane basins in the Serbian Carpathians (Fig. 9d). In
our view, this is a clear expression of strain partitioning, because NW-SE
dextral faults cannot form together with E-W oriented normal faults in
isotropic materials and homogenous stress field (Fig. 10). Instead, the
northward pull on the upper plate exerted by the Carpathian slab
combined with the clockwise rotation and drag in respect to the Moesian
Platform are creating higher displacements to the north and west
(Fig. 10). This change in displacements is accommodated by splaying
from the Timok Fault to E-W oriented normal faults accommodating the
N-S oriented orogen-parallel extension. In more details, dextral faults
terminating in horse-tails are activated successively at a farther distance
from the Timok Fault, i.e. first the Rtanj-Pirot Fault, followed by the
Sokobanja-Zvonce Fault. The latter truncates the earlier curved fault
that shows a transfer of kinematics from NW-SE dextral to E-W normal
faulting (Figs. 9d, 10).

The Carpatho-Balkanides backarc-convex orocline was ultimately
controlled by the geometry of the Moesian indenter and the Carpathians
subduction. Similar situations are observed elsewhere. For instance, the
much larger indentation of India shows shortening in the Himalayas
(Figs. 11a, b; e.g., Molnar and Tapponier, 1975; Tapponnier et al., 1986)
being transferred to a strike-slip deformation that changes strike and
ultimately becomes parallel with the margins of the indenter such as in
the SE Asia (Morley, 2002, 2013; Morley and Arboit, 2019; Sloan et al.,
2017; Vigny et al., 2003), during the coeval backarc-convex oroclinal
bending around the Eastern Himalayan Syntaxis (e.g., van Hinsbergen
et al., 2019). Although the fault pattern is fairly more complex and is
controlled by the inherited structures (Morley, 2007), the facilitators
were the northward push by the lower plate Indian indenter and the
retreating Sunda subduction pulling the upper plate, Sundaland, with
higher velocities closer to the subduction zone (Sternai et al., 2016). The
deformation during this gradual oroclinal bending of the initially less
curved Eurasian margin (Fig. 11a) around the Indian indenter was
partitioned along the large-scale dextral Sagaing Fault at the Indian
eastern margin (Fig. 11b). The Sagaing Fault connects the thrusting in
the Himalayas and the opening of the pull-apart Andaman Sea Basin
above the Sunda subduction zone (Fig. 11b; Morley, 2002, 2013; Sloan
et al., 2017), while it separates two regions of deformation transfer.
West of the Sagaing Fault (i.e., towards the indenter) the strike-slip is
transferred to transpression and thrusting (e.g., Maurin et al., 2010;
Nielsen et al., 2004), while the strain is partitioned eastwards between
strike-slip and normal faults (Morley, 2007). Therefore, although
significantly larger, the mechanism of transfer from shortening in the
Himalayas to complex strike-slip deformation along the Sagaing Fault
during oroclinal bending around the Eastern Himalayan Syntaxis is
comparable to the mechanism of the Balkanides shortening transfer to
Cerna and Timok strike-slip deformation during oroclinal bending
around the Moesia.

The relative plate motion in cases of the Moesian and Indian
indentation and their associated Vrancea and SE Asiaslab retreats are
perpendicular to the frontal and parallel to the lateral indenter margins,
which results in the large-scale transfer of shortening to strike-slip
deformation, while differences in the resulting fault pattern are
controlled by the geometry of the two indenters. In the case of India
(Fig. 11a, b), the shortening is transferred more abruptly to strike-slip
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Fig. 11. Sketches of comparative cases of deformation transfer around indenters. a) India — Eurasia tectonic reconstruction in Paleocene (simplified after van
Hinsbergen et al., 2019). b) Present-day structure of the India — Eurasia system showing the transfer of deformation around the Indian indenter during indentation
and lateral slab roll-back (simplified after Tapponnier et al., 1986; Cullen, 2010; van Hinsbergen et al., 2019). ASB — Andaman Sea Basin; EHS — East Himalayan
Syntax; SF — Sagaing Fault. ¢) Adriatic indentation and transfer of deformation along the Dinarides orogen (simplified after Ratschbacher et al., 1991a; van Unen
et al., 2019a; van Hinsbergen et al., 2020). d) Arabian indentation and different styles of deformation transfer along its lateral margins (simplified after Authemayou
et al., 2006). DSF — Dead Sea Fault; EAF — East Anatolian Fault; NAF — North Anatolian Fault.

because of the relatively sharp corner in the Eastern Himalayan Syn-
taxis, while the deformation is transferred more gradually around the
Moesian curved southwestern corner (Figs. 1b, 2, 9). In situations when
the indenter geometry and relative plate motion are distributed in such a
way that the lateral margin of the indenter is oblique to the plate motion,
the deformation is transferred from frontal shortening to large-scale
transpressive deformation along the oblique lateral indenter margin.
Such cases are observed in the Alps transfer of deformation to the
Dinarides - Hellenides(Fig. 11c) and in the Zagros (Fig, 11d) orogens
along the Adriatic and Arabian oblique eastern margins. In these cases,
deformation is partitioned between strike-slip faulting and thrusting in
orogen-scale restraining bends or stepovers (e.g., Authemayou et al.,
2006; van Unen et al., 2019a). The deformation along the western
Arabian margin (Fig. 11d) is accommodated by transpressive East
Anatolian Fault (margin oblique to plate motion) and strike-slip to
transtensive Dead Sea Fault (margin parallel to plate motion; see Lyberis
et al., 1992; Perincek and Cemen, 1990; Smit et al., 2010).
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7. Conclusions

To understand the transfer of deformation during backarc-convex
oroclinal bending of the European Carpatho-Balkanides orogen around
the Moesian indenter, we have performed a field structural and kine-
matic study of one of the largest, but poorly documented strike-slip
systems known in continental Europe. The results demonstrate that
the mechanics of deformation was accommodated by a likely unique
situation of complex coeval strike-slip, thrust and normal faults (i.e. by
the Circum-Moesian Fault System) that spans a regional area from the
South Carpathians to the Balkanides mountains. In the studied region of
the Serbian Carpathians, deformation is partitioned to multiple, kine-
matically different, high-offset faults, that accumulate an offset in the
order of 140 km by dextral displacements along the previously known
large curved Cerna - Timok system and the newly found Sokobanja-
Zvonce and Rtanj-Pirot Faults. These strike-slip faults transfer a signif-
icant part of their offset eastwards to thrusting in the Balkanides south of
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the Moesian indenter and to an orogen-parallel extension during the
formation of intramontane basins westwards. Strike-slip faults often
display multi-strand geometries that mutually connect by splaying,
branching and truncations, while large faults demonstrate a change in
kinematics from dominant transtension in the north to transpression in
the south. To the west, the NNW-SSE oriented Sokobanja-Zvonce and
Rtanj-Pirot Faults accommodate deformation around the SW Moesian
corner, by gradually changing their local strike and connecting or
truncating the E-W oriented normal faults that control the formation of
intramontane basins, which provide critical timing indicators. These
observations demonstrate that the CMFS was active during the late
Oligocene — middle Miocene, where dextral deformation progressed at
average rates in the order of 9 mm/yr.

The correlation with paleogeographic and geodynamic re-
constructions demonstrates that the overall formation of the CMFS
system during the indentation of the Moesian Platform was driven by a
gradual orogenic translation and rotation during the subduction of the
Carpathian embayment. The rotation around the NW corner of the
Moesia decreased southwards and was gradually replaced by translation
along the Moesian western margin. The ~20 Ma onset of slab retreat and
backarc extension has dramatically increased the rates of CMFS dextral
deformation from ~3.5 mm/yr to ~2 cm/yr. The pull exerted by the
retreating slab has facilitated the transfer of dextral deformation to
orogen-parallel extension. The overall strain partitioning mechanics is
similar to observations elsewhere, such as in the much larger India — Asia
collision zone, but has specific mechanisms of strain partitioning linked
to the geometry of the Moesian indenter. This specificity relates to
shortcutting the dextral deformation along the margins towards the
indenter and the interplay between the gradual activation of strike-slip
and orogen-parallel extension.

The results of our study demonstrate that in most cases of indenta-
tion, a strain partitioning approach is required to understand the
observed patterns of deformation, although is not a standardised
methodology and requires adaptation to the specificity of kinematic
observations and the mechanism of indentation.
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