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A B S T R A C T   

Continental indentation is associated with deformation transfer from shortening to strike-slip faulting and is 
often affected by subduction related processes such as slab roll-back driven back-arc extension. We use crustal- 
scale analogue modelling to investigate the effects of extension direction on the strain partitioning and defor-
mation transfer during indentation. The modelling results show that extension parallel to the strike-slip margin of 
the indenter creates subsidence distributed in several areas which may connect to form a large sedimentary basin 
behind the indenter. This transtensional basin with v-shape geometry narrows gradually towards the strike-slip 
margin of the indenter. In contrast, models with extension perpendicular to the strike-slip margin distributes 
transtensional deformation away from the indenter. Our results are in good correlation with the evolution of the 
Carpatho-Balkanides orocline of South-Eastern Europe, where the Circum-Moesian Fault System accommodates 
oroclinal bending during indentation against the Moesian Platform. In this area, the modelling explains the 
coeval and contrasting extensional features observed along the strike-slip margin and behind the indenter (i.e. 
the Getic Depression and the Morava Valley Corridor), driven by the roll-back of the Carpathian embayment and 
Adriatic slabs.   

1. Introduction 

Indentation is associated with a complex three-dimensional defor-
mation transfer, different fault kinematics and strain partitioning during 
frontal shortening and lateral strike-slip deformation. Deformation is 
often associated with extrusion of continental fragments, observed in 
situations like India-Eurasia collision and SE Asia extrusion (Fig. 1a; e.g., 
Molnar and Tapponier, 1975; Morley, 2002, 2013; Searle et al., 2011; 
Shen et al., 2001; Tapponnier et al., 1986), Arabia-Anatolia system 
(Fig. 1b; e.g., Kaymakci et al., 2010; Lyberis et al., 1992; Mantovani 
et al., 2006; Martinod et al., 2000; Perinçek and Çemen, 1990; Smit 
et al., 2010) or Adria-Europe convergence (Fig. 1c; e.g., Frisch et al., 
1998; Neubauer et al., 2000; Ratschbacher et al., 1991b; Rosenberg 
et al., 2004; van Gelder et al., 2020; van Unen et al., 2019; Wölfler et al., 
2011). In all these situations, indentation-induced deformation is 
affected by extension driven by the slab roll-back of another subduction 
zone (Fig. 1, see also Regard et al., 2005; Schellart et al., 2019; Sternai 

et al., 2016). This extension has a variable orientation (from parallel to 
perpendicular) with respect to the frontal shortening or the lateral 
strike-slip deformation taking place during indentation. The resulting 
multi-scale distribution of the bulk strain by connecting different kine-
matic types of deformation that cannot be explained by a uniform stress 
field is generally referred to as strain partitioning (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). Although it is known that 
slab-roll back can affect the large-scale deformation associated with 
indentation (e.g., Faccenna et al., 1996; Schellart et al., 2019), the 
mechanism of strain partitioning and deformation transfer between slab 
roll-back induced extension and indentation is not well understood. 
Previous research into indentation systems has demonstrated that the 
indenter geometry dominantly controls the strain partitioning and 
deformation transfer (Krstekanić et al., 2021), which should be 
accounted for when studying the impact of the extension driven by slab 
roll-back. 
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Contents lists available at ScienceDirect 

Journal of Structural Geology 
journal homepage: www.elsevier.com/locate/jsg 

https://doi.org/10.1016/j.jsg.2022.104599 
Received 23 December 2021; Received in revised form 4 April 2022; Accepted 9 April 2022   

mailto:n.krstekanic@uu.nl
www.sciencedirect.com/science/journal/01918141
https://www.elsevier.com/locate/jsg
https://doi.org/10.1016/j.jsg.2022.104599
https://doi.org/10.1016/j.jsg.2022.104599


Journal of Structural Geology 159 (2022) 104599

2

We aim to understand the interplay of extension driven by slab roll- 
back and indentation-driven deformation, together with a quantification 
of the associated strain partitioning and fault kinematics. To this aim, we 
performed crustal-scale analogue modelling experiments designed to 
test the influence of the extension direction during indentation in terms 
of kinematics, distribution of deformation and the coeval formation and 
evolution of sedimentary basins. Image correlation methods were used 
to qualitatively and quantitatively analyse deformation patterns around 
the indenter. The analogue experiments were scaled and applied to the 
indentation of the Moesian Platform during the formation of the arcuate 
back-arc convex Carpatho-Balkanides orocline that was coeval with the 
back-arc extension driven by the Carpathian embayment and Adriatic 
slabs (Fig. 2). 

2. The Circum-Moesian Fault System of the Carpatho-Balkanides 

The Carpatho-Balkanides orogenic system of South-Eastern Europe 
(Fig. 2a) is a Cretaceous thick-skinned nappe stack whose formation was 
associated with the closure of the Ceahlău-Severin branch of the Alpine 
Tethys Ocean leading to the collision between the Dacia mega-unit and 
the Moesian Platform, a promontory of the stable pre-Alpine European 
continent (Fig. 2a and b; Săndulescu, 1988; Csontos and Vörös, 2004; 
Schmid et al., 2008, 2020). Subsequent Cenozoic subduction, slab 
retreat and closure of the Carpathian embayment created the oroclinal 
bending and the present-day double 180◦ curved geometry of the entire 
orogenic system (Fig. 2a; e.g., Csontos and Vörös, 2004; Fügenschuh and 
Schmid, 2005; Ustaszewski et al., 2008). 

The southern part of the double 180◦ orocline consists of the South 
Carpathians, the Serbian Carpathians and the Balkanides and has a 
backarc-convex geometry (Krstekanić et al., 2020) formed by oroclinal 
bending and dextral transcurrent motions of the Dacia mega-unit around 
the Moesian Platform (Fig. 2b; van Hinsbergen et al., 2020). This oro-
clinal bending was first accommodated by Paleocene – Eocene 
orogen-parallel extension in the South Carpathians (Matenco and 
Schmid, 1999; Fügenschuh and Schmid, 2005; Schmid et al., 1998), 
followed by Oligocene-middle Miocene deformation along the 
Circum-Moesian Fault System (thick black lines in Fig. 2b), one of the 
largest European intracontinental strike-slip fault systems, accumulating 
up to 140 km of dextral offset, associated with coeval thrusting and 
normal faulting (e.g., Krstekanić et al., 2022). These faults have different 
orientations, connect and transfer the deformation along the entire 
orocline, from the South Carpathians in the north to the Balkanides in 
the south. The largest faults in the system are the Cerna and Timok 
curved strike-slip faults that have 35 km and 65 km of dextral offset, 
respectively, and connect with thrusting-dominated deformation in the 
frontal part of the South Carpathians and Balkan Mountains (Fig. 2b; see 
also Berza and Drăganescu, 1988; Ratschbacher et al., 1993; Kräutner 

and Krstić, 2002). 
The evolution of the Circum-Moesian Fault System was (partly) 

coeval with widespread extensional processes related to the roll back of 
the Carpathian embayment and Adriatic slabs (Bennett et al., 2008; 
Matenco and Radivojević, 2012; Horváth et al., 2015, Andrić et al., 
2018) where the latter probably controlled E-W extension in the Morava 
Valley Corridor, the southern prolongation of the Pannonian Basin, and 
affected the western margin of the Serbian Carpathians segment of the 
orocline, from Oligocene to middle Miocene times (Figs. 1c and 2a; 
Matenco and Radivojević, 2012; Erak et al., 2017; Sant et al., 2018; 
Krstekanić et al., 2020). Additionally, the oroclinal bending was 
complicated by one other extensional/transtensional deformation that 
affected the Serbian and South Carpathians during their movement 
around the Moesian indenter and the formation of the Circum-Moesian 
Fault System, driven by the Carpathian embayment slab roll-back ki-
nematics (Figs. 1c and 2). In the prolongation of the Timok Fault 
(Fig. 2b), a late Oligocene – early Miocene period of transtension and 
extension led to the opening of the Getic Depression in the South Car-
pathians foreland, which was subsequently inverted and buried during 
the middle to late Miocene docking of the South Carpathians against the 
Moesian indenter (e.g., Matenco et al., 2003; Răbăgia et al., 2011; 
Krézsek et al., 2013). This extension also created a number of presently 
E-W oriented intra-montane basins in the Serbian Carpathians 
(Krstekanić et al., 2020, 2022). These complex movements around the 
Moesian indenter are inferred to be driven by rotational kinematics of 
the retreating Carpathian embayment slab and the formation of a STEP 
(subduction-transform edge propagator) system at high depths beneath 
the South Carpathians (Fig. 2a; Govers and Wortel, 2005; Maţenco, 
2017). 

3. Methodology 

Starting from a published analogue modelling setup with a fixed 
indenter, around which a deformable material is translating and rotating 
(Krstekanić et al., 2021), we have performed crustal scale analogue 
experiments to simulate deformation in the upper to middle crust 
around a rigid indenter under the influence of variable extension di-
rection. We note that the unusual high complexity of strain partitioning 
requires a correlation with this previously published study. Our exper-
iments are designed (Fig. 3) to simulate the impact of the variability in 
kinematic boundary conditions and provide the possibility of a direct 
analysis of deformation styles. Four different kinematic setups were 
chosen to compare the deformation transfer and strain partitioning for 
cases with and without an externally-driven extension affecting the 
indentation process. The applied extension was either N–S (model 2), 
E-W (model 3) or coevally in both directions (model 3), consistent with 
the observed extension directions that affect the Carpatho-Balkanides 

Fig. 1. Sketches of natural indentation systems. a) India – Eurasia collision. b) Arabia indentation and lateral extrusion of Anatolia. c) Adria – Europe collision. 
Indenters are grey areas. White arrow shows direction of indenter motion. Triangles along contractional zones are drawn in the upper plate/hanging wall of a 
subduction/thrust. Green half arrows indicate kinematics along strike-slip faults. Red arrows indicate shortening regions, while blue arrows indicate extension. (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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orocline in its South Carpathians and Serbian Carpathians segments (e. 
g., Răbăgia et al., 2011; Krstekanić et al., 2022). Below we describe the 
modelling setup and results in a relative geographic framework where 
north is oriented upwards in top-view figures (e.g., Fig. 3), in analogy to 
the geographic framework of the Circum-Moesian Fault System (Fig. 2). 

3.1. Modelling setup 

3.1.1. Model geometry and kinematics 
The indenter is made of a 2 cm thick rigid polyvinyl chloride plate 

with rounded corners (Figs. 3a) and 35◦ margin inclination (Fig. 3c), 
approximating the geometry of the base of the Cretaceous nappe-stack 
thrust over the Moesian Platform (Fig. 2b; Maţenco, 2017 and refer-
ences therein). The indenter upper width of 26 cm (Fig. 3a) correlates 
with the N–S dimension of the Moesian Platform (Fig. 2). 

Similar to Krstekanić et al. (2021), the base of the deformable part of 
models is made of a mobile basal plastic plate and a fixed plastic sheet 
(Fig. 3). The 1 mm thick plastic plate (green in Fig. 3) underlies the 
entire model, including the rigid block. Through a bar and mechanical 
joints it is connected to a motor (Fig. 3a) that pulls it northward at a 
constant velocity of 2 cm/h. The other, fixed 0.1 mm thick plastic sheet 

(grey in Fig. 3) is placed on top of the moving plate north of the indenter, 
while it is below the moving plate to the north-west. This change is 
implemented at the N–S oriented cut in the middle of the moving plate 
(dashed green line in Fig. 3a). The purpose of this configuration is to 
prevent an E-W oriented velocity discontinuity along the northern 
margin of the indenter. This setup pre-defines velocity discontinuities 
(VD) in all models along the southern and western margins, as well as 
along the south-western corner of the indenter and along the cut in the 
moving plastic plate in the north (Fig. 3a). 

The mobile plastic plate moves north-wards in all models and its 
movement is controlled by the fixed guide bar in the north (Fig. 3a), 
which results in a coupled translational and rotational movement 
(Fig. 3b). The rotational component of motion is controlled by a sta-
tionary pin protruding from below the indenter (fixed pin in Fig. 3a), 
creating a pole of rotation. The cut in the moving plastic plate enables its 
sliding and rotation around the stationary pin. The coupled translation 
and rotation takes place during the entire period of each experiment, 
resulting in the total northward displacement of the mobile plate of 9 cm 
and 10◦ of clockwise rotation (Fig. 3b). 

The difference between our models is the change in kinematic 
boundary conditions applied to the northern and western margins of the 

Fig. 2. a) First-order structures (orogenic fronts, suture zones and retro-shears) of the Mediterranean Alpine-age orogens in South-Eastern Europe (modified from 
Krstekanić et al., 2020). Blue rectangle indicates the location of Fig. 2b. STEP – Subduction-Transform Edge Propagator system in the South Carpathians. White arrow 
indicates the direction of slab tearing. b) Tectonic map of the South Carpathians-Serbian Carpathians-Balkanides backarc-convex orocline around the Moesian 
Platform. Black lines are faults comprising the Circum-Moesian Fault System that accommodates oroclinal bending related deformation. CF – Cerna Fault; TF - Timok 
Fault. The map is compiled and modified after geological maps of Serbia, Romania and Bulgaria and Maţenco (2017). Fault pattern is modified after Maţenco (2017) 
and Krstekanić et al. (2022). (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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