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Large-scale strike-slip faults are associated with significant strain partitioning in releasing/restraining bends and
often display map-view curvatures ending in horse-tail geometries. Such faults are commonly associated with
indentation tectonics, where shortening in front of indenters is transferred laterally to transpression, strike-slip
and the formation of transtensional/extensional basins. We investigate how these structurally distinct domains
are kinematically linked by the means of a crustal-scale analogue modelling approach where a deformable crust
is moved against a stable and rigid indenter. The modelling demonstrates that the geometry of the indenter is the
major controlling parameter driving strain partitioning and deformation transfer from thrusting and trans-
pression to strike-slip and transtension, whereas the rotation of the mobile plate controls the opening of trian-
gular shaped transtensional basins. Flow of the ductile crust leads to the distribution of deformation over a wider
area, facilitating strike-slip splaying into transtension/extension behind the indenter. Our results show a very
good correlation with the Moesian indentation in the Carpatho-Balkanides system of South-Eastern Europe,
where strain is partitioned around the dextral Cerna and Timok strike-slip faults and transferred to thrusting in
the Balkanides part of the Moesian indenter and to transtension/extension in the neighbouring South

Carpathians.

1. Introduction

Previous studies have shown that strike-slip deformation is often
associated with segmentation of fold and thrust belts or mid-ocean
ridges, with changes in polarity of subduction systems, as well as with
lateral escape of continental lithosphere during indentation (e.g., Mann,
2007 and references therein). These studies have described complex
deformation along numerous large-scale continental strike-slip faults,
such as the San Andreas Fault (e.g., Anderson 1971.; Wallace, 1990), the
Alpine Fault of New Zealand (e.g., Berryman et al., 1992), the North
Anatolian Fault (e.g., Aramijo et al., 1999; Neugebauer, 1994), Dead Sea
Fault system (e.g., Perincek and Cemen, 1990; Smit et al., 2008), the
Tibetan region and in Indochina (e.g., Chen et al., 2000; Morley, 2013),
the Fagnano or the North Scotia Fault of South America (e.g., Lodolo
et al., 2003), the Periadriatic Fault of the Alps, or the Mid-Hungarian
Fault Zone of the Pannonian basin (e.g., Schmid et al., 2020). Many of

these faults are associated with transpressional orogens or transtensive
basins of various geometries and degrees of curvature in map view (e.g.,
Christie-Blick and Biddle, 1985; Dewey et al., 1998; Smit et al., 2008,
2010, among others). In these settings, the term strain partitioning has
often been used in different ways and at different spatial scales to
describe the large variability of observed deformation (e.g., Fitch, 1972;
Lister and Williams, 1983; Platt, 1993; Carreras et al., 2013). Similar
with other studies (Glen, 2004; Cembrano et al., 2005; De Vicente et al.,
2009; D’el-Rey Silva et al., 2011; Krézsek et al., 2013; Benesh et al.,
2014), we use the term “strain partitioning” to describe a multi-scale
distribution of bulk strain into genetically different and coeval struc-
tures that cannot be explained by a uniform stress field.

Analogue and numerical modelling studies have demonstrated that
the initiation and evolution of strike-slip corridors are always accom-
panied with significant strain partitioning, such as between Riedel
shears and the main strike-slip fault (e.g. Leever et al., 2011; Dooley and
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Schreurs, 2012; Stefanov and Bakeev, 2014; Chemenda et al., 2016; et al., 2008; Leever et al., 2011; Dooley and Schreurs, 2012; Gonzalez
Hatem et al., 2017; Iturrieta et al., 2017; Xiao et al., 2017). This strain et al,, 2012; Wang et al., 2017; Nabavi et al., 2018), or when the

partitioning is associated with significant local stress deviations and is strike-slip fault has a curved geometry (e.g., Smit et al., 2010; Dufréchou
more pronounced when either the movement is oblique to the main et al., 2011). Furthermore, more complex systems of interacting thrusts
strike-slip fault, creating restraining and releasing bends with various and strike-slip faults have been observed or modelled (e.g., Duarte et al.,

geometries (e.g., Basile and Brun, 1999; McClay and Bonora, 2001; Smit 2011; Rosas et al., 2012, 2015; Fedorik et al., 2019). These studies have
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Fig. 1. a) Simplified topographic map of South-Eastern Europe overlain by the first-order structures (orogenic fronts, suture zones and retro-shears) of the Medi-
terranean Alpine-age orogens (modified from Krstekanic et al., 2020). Blue rectangle shows the location of Fig. 1c. STEP — Subduction-Transform Edge Propagator
system in the South Carpathians. White arrow indicates the direction of slab tearing. b) Regional tectonic map of the south-east Europe (simplified after Schmid et al.,
2020). Blue rectangle shows the location of Fig. 1c. ¢) Tectonic map of the Cerna-Timok fault system in the South Carpathians-Serbian Carpathians-Balkanides
orocline around the Moesian Platform. Black lines are faults that accommodate deformation related to oroclinal bending. CF — Cerna Fault; TF - Timok Fault. Map is
compiled and modified after geological maps of Serbia, Romania and Bulgaria and Matenco (2017). Structural pattern is modified after Matenco (2017) and
Krstekanic et al. (2020) while the suggested continuation of Timok Fault below the Sofia basin is according to Schmid et al. (2020). (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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also shown that strain partitioning creates a gradual transfer of defor-
mation from contraction to transpression and strike-slip. Other experi-
mental studies have focused on deformation in front of an indenter (e.g.,
Marshak, 1988; Marshak et al., 1992; Zweigel, 1998 and references
therein), where strike-slip deformation accommodates lateral extrusion
(Tapponnier et al., 1982; Ratschbacher et al., 1991a, b; van Gelder et al.,
2017). Often, strike-slip deformation links shortening in front of the
indenter with deformation in another subduction system, such as
observed in the Dinarides orogen connecting the shortening in the Alps
with Aegean subduction (van Unen et al., 2019), or the Sagaing Fault
linking the shortening in the Himalayas with the Sunda subduction zone
(e.g., Tapponnier et al., 1986; Morley, 2002; Sternai et al., 2016). In
such settings, the geometry and motion of the indenter influences
significantly the deformation and structural response around the rigid
indenter (Luth et al., 2013). However, the structural link (i.e., kine-
matics and geometry of major structures) between frontal, usually
contractional, and lateral strike-slip deformation around the corner of an
indenter is still not well understood.

One of the best examples of strain partitioning along curved strike-
slip faults is the one of the Oligocene — middle Miocene Cerna-Timok
fault system of the Carpatho-Balkanides orogen in South-Eastern
Europe (Fig. 1). Previous studies have shown that this system has
cumulated 100 km of dextral offset and links the deformation observed
around the Moesian Platform (i.e., a rigid promontory in the prolonga-
tion of the East European Craton) along a 180° backarc-convex orocline
connecting the South Carpathians, Serbian Carpathians and Balkanides
(Fig. 1, e.g., Krautner and Krsti¢, 2003; Schmid et al., 2020, and refer-
ences therein). These studies have also shown that the same system
transfers strike-slip deformation to thrusting and extension with variable
offsets along its strike.

We aim to advance our understanding of the major parameters
controlling strain partitioning and deformation transfer around in-
denters, with particular application to the Cerna-Timok fault system and
associated deformation. To this aim, we performed a series of analogue
experiments designed to analyse the deformational response to the
shape of the rigid indenter (rounded or rectangular corners), the
displacement (translation followed by rotation) along the margins of a
rigid indenter and the rheological stratification of the deformable area.
With respect to the latter, we analysed the influence of the flow in the
ductile crust on the transfer and distribution of deformation. We use
image correlation techniques for the detailed analysis of deformation
around indenter corners in various experimental setups in order to
qualitatively and quantitatively characterize the influence of their ge-
ometries on the deformation transfer. We compare the modelling results
with the Cerna-Timok fault system of the Carpatho-Balkanides, which
allows a detailed understanding of strain partitioning mechanisms
during its Oligocene — middle Miocene evolution. We have chosen a
strategy in the presentation of our results that involves first the
description of a reference model with a simple analogue modelling
setup, followed by a parametrical study of other models with a more
complex initial geometry or composition. In a separate section we show
the relevance of a chosen best-fit model for understanding the evolution
of the Cerna-Timok faults system and the associated Carpatho-
Balkanides oroclinal bending. All modelling results are subsequently
discussed in a process-oriented context.

2. The Cerna-Timok fault system of the Carpatho-Balkanides
orogen

The European area connecting the Carpathians and Balkanides
orogenic system (Fig. 1a and b) shows a thick-skinned nappe-stack that
was formed during two phases of Cretaceous shortening related to the
closure of the Ceahlau-Severin branch of the Alpine Tethys Ocean and
the subsequent collision between the Dacia mega-unit and the Moesian
promontory of the stable European foreland (Sandulescu, 1988; Bojar
et al., 1998; Csontos and Voros, 2004; Iancu et al., 2005; Schmid et al.,
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2008, 2020; Matenco, 2017). The present-day geometry of the orogenic
system shows two 180° curved loops, one in the north and east, and
another in the south (Fig. 1a). This geometry was ultimately established
during the Miocene slab retreat and gradual closure of the Carpathians
embayment, consisting of oceanic crust and the continental passive
margin of the Alpine Tethys Ocean (Fig. 1b, e g., Csontos and Voros,
2004; Fligenschuh and Schmid, 2005). The southern 180° arc connects
the South Carpathians, the Serbian Carpathians and the Balkanides by
creating an orocline with a back-arc convex geometry bent around the
Moesian Platform (Fig. 1a and b). The oroclinal bending formed by
gradual clockwise rotation and N- to E-ward translation of the Dacia
mega-unit during its movement into the Carpathians embayment. The
post-Cretaceous rotation was significant (up to 90°) in the South Car-
pathians when compared to no significant rotation in the Balkanides (e.
g., Balla, 1987; Patrascu et al., 1994; Marton, 2000; Ustaszewski et al.,
2008; van Hinsbergen et al., 2008; Panaiotu and Panaiotu, 2010).

Previous studies have demonstrated that the clockwise rotation was
first accommodated by Paleocene — Eocene orogen-parallel extension in
the South Carpathians (Matenco and Schmid, 1999; Fiigenschuh and
Schmid, 2005; Schmid et al., 1998) and subsequently by the evolution of
the late Oligocene — middle Miocene curved dextral Cerna and Timok
faults system (Fig. 1c, Berza and Draganescu, 1988; Ratschbacher et al.,
1993; Krautner and Krsti¢, 2002). Tectonic and lithological markers
show that the Cerna Fault (CF) accommodates up to 35 km of dextral
offset, as documented by the distance observed between the Godeanu
and Bahna klippen, or between the Tisovita-Iuti and Deli Jovan ophio-
lites (Fig. 1c, Krautner and Krstic, 2003). In comparison, the Timok Fault
(TF) has up to 65 km dextral offset, inferred by the distance observed
between the Deli Jovan and Zaglavak ophiolites (Fig. 1c, Krautner and
Krsti¢, 2003). These faults and their associated structures create a
complex deformation system that was inferred to connect the strike-slip,
thrusting and extensional deformation around the western margin of
Moesia from the Balkanides to the South Carpathians via the Serbian
Carpathians (Fig. 1c, Schmid et al., 2020).

One interesting feature of the Cerna — Timok faults system is the
formation of Oligocene — Miocene sedimentary basins observed along
their strike, such as the Oligocene Petrosani, or the Miocene Timok -
Knjazevac basins system (Fig. 1c). These triangular basins are syn-
kinematic with respect to strike-slip deformation and formed during
the gradual indentation and rotation around the Moesian indenter (e.g.,
Ratschbacher et al., 1993; Krautner and Krstic, 2002; Schmid et al.,
2020). The Timok - Knjazevac basins system reaches ~17 km in width
southwards and is ~98 km in length. To the north, the Timok Fault
connects with the late Oligocene - early Miocene transtensional opening
of the South Carpathians foredeep (Fig. 1lc, the Getic Depression of
Rabagia et al., 2011; Krezsek et al., 2013).

3. Methodology
3.1. Modelling approach

We present a series of 12 crustal scale analogue experiments that
portray deformation of the upper to middle crust around a rigid indenter
as a consequence of translation and rotation of the material surrounding
it. Compared to previous indentation experiments where a rigid indenter
is pushed into the model layers (e.g., Tapponnier et al., 1982; Davy and
Cobbold, 1988; Ratschbacher et al., 1991a; Luth et al., 2013), our
approach has a changed reference frame where the indenter is fixed,
while the deformable material moves around it. As such, it allows direct
investigation of the variability of deformation styles as a function of
position relative to a fixed indenter (i.e., shortening dominated struc-
tures orthogonal to the indenter margin and strike-slip dominated
structures parallel to the indenter margin) and, in technical sense, pro-
vides more flexibility for implementing kinematic boundary conditions
(see below) that are relevant for the comparison of modelling results
with the natural case, the Carpatho-Balkanides (Fig. 1). Against the
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background of the natural example, the key parameters of this study
include the shape of the indenter, the rheological stratification of the
model crust and the addition of a rotational component of deformation
to account for clockwise rotations of 5-10° in Oligocene-Miocene times
(Marovi¢ et al., 2002).

3.2. Kinematic and geometric setup of the analogue models

All models contain a fixed rigid block, the indenter, with the upper
width of 26 cm (Fig. 2a and b), which is scaled to the size (in the N-S
direction) of the Moesian Platform in nature (Fig. 1). The indenter is
surrounded by deformable layer(s) of brittle or brittle-viscous materials
representing the upper to middle crust (Fig. 2). For the description of the
modelling setup as well as the modelling results, a relative geographic
reference frame with the north oriented upwards is adopted (Fig. 2).

The model indenter is represented by a 2 cm thick stiff polyvinyl
chloride (PVC) plate and has either rounded corners (Fig. 2a), or a
rectangular geometry (Fig. 2b). The margins of either block have an
inclination of 35° dipping towards the surrounding deformable region
(Fig. 2d). This inclination approximates the structure at the base of the
Cretaceous nappes thrusted over the Moesian promontory (Fig. 1c);
Matenco (2017) and references therein), representing an inherited
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feature in the model.

The deformable part of the model is underlain by two basal plastic
plates/sheets (Fig. 2). The first, 1 mm thick plastic plate (green in Fig. 2),
underlies the entire model (including the rigid block), is mobile and is
attached to a motor (through a bar that is connected to the model and
motor by mechanical joints). The motor pulls it northward with a con-
stant velocity of 10 cm/h or 2 cm/h for brittle only or brittle-viscous
models, respectively. Depending on the specific model boundary con-
ditions, this plastic plate is either only translated or translated and
rotated. The rotation is achieved around a pole of rotation represented
by a stationary pin protruding from below the indenter (fixed pin in
Fig. 2). In our experiments, the fixed pin is located at the northern end of
the straight segment of rounded indenter’s western margin or at the
north-western corner of the rectangular shaped indenter (Fig. 2a-c). The
mobile plastic plate has a cut in the middle in the north-south direction
(dashed green line in Fig. 2) to enable the sliding and rotation of the
mobile plate along a stationary pin (Fig. 2). This construction allows for
a combined translational-rotational movement of the mobile plate. The
second, 0.1 mm thick plastic sheet (grey in Fig. 2), is fixed and overlies
the moving plate north of the rigid block, while underlying this moving
plate to the north-west. This change takes place at the cut in the moving
plate. We have chosen this configuration to prevent deformation north
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Fig. 2. Modelling setups. Adopted orientation is geographical with up being relative north. All numbers in Fig. 2a—d are in centimetres. a) Initial setup of experiments
with rounded indenter’s corners. b) Initial setup of experiments with rectangular indenter’s corners. c¢) Configuration at the end of the experiment in Fig. 2a. Inset:
Movements of the moving plate include the first phase of 4 cm of translation (green to red circle) and the second phase of combined translation/rotation kinematics
(red to blue circle) that results in a total of 9 cm of northward translation and a final clockwise rotation angle  around the pole (yellow circle). In Fig. 2a—c the angle
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of the rigid block, where, otherwise, extension along the northern edge
of the indenter would take place. At the same time, the area to the north-
west of the rigid block is free to move. This setup predefines velocity
discontinuities (VD) along the southern and western margins of the rigid
block and along the contact between the moving plate and fixed plastic
sheet (Fig. 2a—c). All experiments are confined laterally by either guid-
ing bars or sand (Fig. 2a and b), which in the case of brittle-viscous
experiments prevent the viscous layer to induce boundary effects by
lateral flow outside the model area.

In experiments with no rotation (Table 1), the northward displace-
ment of the mobile plate is 9 cm. For experiments with rotation
(Table 1), we apply a stepwise approach by following previous experi-
mental studies (Farangitakis et al., 2019, 2021). An initial 4 cm of
northward translation is followed by a phase of combined translation
and rotation. The purpose of these two phases of imposed kinematics is
to create strike-slip deformation (in the first phase) and to study influ-
ence of coupled rotation and translation (the second-phase) on the
pre-existing strike-slip faults. This complex movement of the mobile
plate is guided by a fixed bar located in the north (Fig. 2a—c). During the
experiment, when the mobile plate hits the rotation guide bar, we
remove the lateral translation guide bars to enable the combined rota-
tional and translational movement (Fig. 2¢). The total clockwise rotation
reaches 5° and 10° in different models (Table 1). Similar to experiments
with no rotation, the total northward displacement of the moving plate
along the western margin of the rigid block is 9 cm (Fig. 2c).

The experiments presented in this study are subdivided in two
groups. Group 1 (models 1-6) consists of experiments with rounded
indenters whereas group 2 experiments (models 7-12) are characterized
by rectangular indenters (Table 1). These distinct indenter geometries
allow to quantitatively and qualitatively compare effects of corner ge-
ometry in cases where deformation is gradually transferred (rounded
corners) and where the deformation transfer is more abrupt (90° cor-
ners). For each of these groups we performed experiments with and
without a rotational component applied to the deformable area sur-
rounding the indenter as well as of brittle and brittle-viscous composi-
tion, respectively.

3.3. Model materials and scaling

In our models, the brittle layer consists of dry quartz sand with a bulk
density of p = 1500 kg/m°, a cohesion of 10-40 Pa and coefficients of
friction of 0.63, 0.48 and 0.52, representing peak, dynamic and reac-
tivation friction, respectively (Willingshofer et al., 2018). The sand has a
grain-size spread of 100-300 pm and exhibits Mohr-Coulomb behaviour,
which makes it a suitable analogue for natural brittle upper crust
(Krantz, 1991; Dooley and Schreurs, 2012; Klinkmidiller et al., 2016;
Schellart and Strak, 2016). Thin marker horizons of coloured quartz
sand were used as passive markers to show vertical offsets along faults in
cross-sections, while horizontal offsets are tracked by passive maker
lines of black and yellow quartz sand placed on the model upper surface.

Table 1
Model parameters. Model type: b - brittle only, b-v- brittle-viscous.

Journal of Structural Geology 149 (2021) 104386

The viscous layer in brittle-viscous models is the analogue of the
ductile crust below the brittle-ductile transition. It consists of poly-
dimethylsiloxane (PDMS silicon polymer) putty, mixed with iron pow-
der and quartz sand as fillers in order to increase the density of pure
PDMS (i.e., 970 kg/m°>) to a value close to the bulk density of overlying
quartz sand layer. This viscous mixture has a density of p = 1470 kg/m®
and viscosity of 3.8-10* Pas at room temperature. The viscosity of the
viscous mixture has been determined with a coni-cylindrical viscometer.
An n-value of 1.2 indicates slightly non-Newtonian behavior. We assume
that for low stresses and low strain rates (i.e., similar to those used in
analogue models) behavior of the viscous mixture is essentially New-
tonian (e.g., Broerse et al., 2019; Rudolf et al., 2016; Weijermars and
Schmeling, 1986).

Scaling of all models follows the principles of geometrical, rheolog-
ical and kinematical similarities between natural systems and models
(Hubbert, 1937; Ramberg, 1981; Weijermars and Schmeling, 1986;
Davy and Cobbold, 1991). Densities of our material of 1500 kg/m>
represent natural upper to middle crust densities of 2750 kg/m?
yielding a density-scale ratio p* (pmodel/Pnature) Of 0.55. The length scale
in our experiments is such that 1 cm in model corresponds to 7 km in
nature, yielding a length-scale ratio L* (Lyodel/Lnature) Of 1.43« 107°. We
choose the length scale ratio such that the brittle-viscous transition in
the models is at a depth of ca. 10 km when scaled to nature. This depth of
the brittle-viscous transition is consistent with a change in deformation
behavior of quartz-dominated lithologies from frictional sliding to creep
(e.g., Kerrich et al., 1997; van der Pluijm and Marshak, 2004) for
average continental geo-thermal gradients in the order of 30 'C/km
(Turcotte and Schubert; 2014; Limberger et al., 2014, 2018) and the
depth extent of weak seismicity documented in the South- and Serbian
Carpathians (e.g., Dimitrijevic, 1994; Popa et al., 2018). At this depth
the vertical stress (i.e., lithostatic stress, c = p-g-h, where p is quartz
sand density, g is gravitational acceleration and h is the thickness of
overlying sand layer) in the experiments is 220 Pa, corresponding to
280 MPa in nature, which results in a stress-scale ratio of 7.87-1077.
Strength profiles (Fig. 2e and f) are representative for the initial con-
ditions and have been calculated following Brun (2002). To scale model
velocity in brittle-viscous models, we use a time-scale ratio t* =
5.3.10"!! calculated as (FHubbert, 1937):

== (@)

while shear strain rate ratio 7 equals:

7= )

L
where velocity ratio V* = 2.7 -10* means that 2 cm/h in models scales to
0.65 cm/yr in nature, which is consistent with the 60-65 km displace-
ment along the Timok fault over a period of ca. 10 Myr (e.g., Krautner
and Krsti¢, 2003; Schmid et al., 2020). Note that the shear strain rate is

Model Model Brittle layer Viscous layer Rigid block Engine pull velocity Total translation Total CW Scaled thickness
number type thickness (cm) thickness (cm) geometry (cm/h) (cm) rotation (°) (km)
1 b 2 - Rounded corners 10 9 0 14
2 b 2 - Rounded corners 10 9 5 14
3 b 2 - Rounded corners 10 9 10 14
4 b-v 1.5 0.5 Rounded corners 2 9 0 14
5 b-v 1.5 0.5 Rounded corners 2 9 5 14
6 b-v 1.5 0.5 Rounded corners 2 9 10 14
7 b 2 - 90° corners 10 9 0 14
8 b 2 - 90° corners 10 9 5 14
9 b 2 - 90° corners 10 9 10 14
10 b-v 1.5 0.5 90° corners 2 9 0 14
11 b-v 1.5 0.5 90° corners 2 9 5 14
12 b-v 1.5 0.5 90° corners 2 9 10 14
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calculated as velocity over the thickness of the viscous layer. For the
calculated experimental velocities, the viscosity of the modelling ma-
terial scales to natural viscosities of ~102! Pas, which is in the range of
quartz dominated ductile crust below the brittle-ductile transition (e.g.
Hirth et al., 2001).

3.4. Experimental procedures, recordings and PIV-derived strain analysis

Models are built and run in a normal gravity field and at room
temperature (i.e., 19-20 °C). An electric motor imposes a constant ve-
locity on the mobile plastic sheet. Depressions deeper than 1 mm are
filled manually, using a funnel, with alternating layers of differently
coloured sand, representing syn-kinematic sedimentation. At the end of
each experiment, two post-kinematic layers of black and white sand are
added on top of the entire model to preserve topography and water is
sprinkled on the sand layers to increase cohesion within the sand and to
allow for sectioning of the experiments to obtain information on the
internal structures.

We monitor surface deformation by taking top-view photographs (by
using Panasonic Lumix DC-G9 with 20.3 megapixels for models 1-6 and
10-12 and Canon EOS 700D with 18.0 Megapixels for models 7-9) at
regular time intervals of 45 s for brittle only experiments, and 3 min for
brittle-viscous models, corresponding to 0.125 cm and 0.1 cm of trans-
lation displacement between two photographs, respectively. These top-
view photographs are analysed using image correlation techniques
(PIVlab, Thielicke and Stamhuis, 2014) in order to calculate incremental
particle displacements. Subsequently, we remove very large displace-
ments due to incorrect correlations by applying a magnitude threshold
filter, followed by a visual inspection for remaining outliers and their
manual removal and interpolation of displacements in basin areas for
time frames when sedimentation is applied (i.e., only for few time
frames in a model). Displacements for these time frames are interpolated
taking displacement values on the margin of basins unaffected by sedi-
mentation. The image correlation provides the displacement fields in a
fixed spatial reference frame. However, model materials show large
motions through this spatial frame. We therefore also track material by
defining an initial regular grid that deforms at each time step using the
interpolated, spatial displacement fields (i.e., Lagrangian summation,
similar to Senatore et al., 2013; Stanier et al., 2016; Boutelier et al.,
2019; Kryza et al., 2019). From the material displacements the incre-
mental deformation field is calculated (Supplementary Appendix A, D).
As the deformation is large, small strain definitions are no longer valid
(Malvern, 1969). Therefore, we describe the finite deformation as a
product of the stretch tensor (corresponding to the shape change), and a
rotation tensor, using a polar decomposition of the finite deformation
gradient tensor (Broerse et al., 2021). Note that the principal stretches
(7)) relate to principal strains (g;) as: ,; = 1 + &;.

For small, incremental strains one can use the ratio of the largest to
the smallest principal strain to determine a strain type in the horizontal
plane: extension, strike-slip, shortening and their transitions (Kreemer
et al.,, 2014). From Broerse et al. (2021) it follows that, for the
mentioned types of strain, the logarithms of principal stretches for large
deformation have the same ratios as incremental small strains. There-
fore, we use the logarithmic principal stretches to determine the average
strain type during model evolution (see Supplementary Appendix B, E;
see also Broerse et al., 2021). While in 3D, faulting always involves shear
on fault planes, in horizontal view only strike-slip faulting is a purely
shear; thrust faulting will appear as shortening in 2D, while normal
faults appear as extensional features. Our approach relies on the
assumption that the surface deformation is not affected by subsequent
phases of opposite deformation. If inversion of deformation occurs, the
analysis should be divided in separate periods. Finally, these results are
combined with visual interpretations of cross-sections to infer 2D strain
in the entire, 3D model.
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3.5. Experimental limitations and simplification

The analogue models presented in this study do not account for
isostasy, temperature gradients with depth (i.e., viscosity of the viscous
layer is constant, which is an acceptable approximation following Davy
and Cobbold, 1991), surface erosion and sediment transport. Therefore,
topographic heights are exaggerated in the contractional area in front of
the indenter. Despite these limitations, we are confident that the
modelling results are meaningful, because we mostly focus on the area of
the model where significant deformation is by strike-slip, which gener-
ally produces little thermal perturbations as well as low topography
changes. Le Guerroué and Cobbold (2006) demonstrated that
syn-kinematic erosion and/or sedimentation in a strike-slip setting only
have minor effects on structural patterns, yet the results have been ob-
tained at higher spatial resolution. As such, minor differences in struc-
tural patterns within strike-slip zones with or without syn-kinematic
sedimentation are not significant on the scale of our models. Therefore,
surface processes are in our view not among the controlling factors
during the oroclinal bending of the Carpatho-Balkanides.

Compared to the natural case of the Serbian Carpathians and its
Cretaceous inherited structures (Fig. 1c), our models do not have
inherited topography and/or a wedge structure (i.e., and inherited
mountainous fold and thrust belt) in the deformable part of the model
prior to deformation. This simplification is justified because the Cerna-
Timok fault system offsets the inherited Cretaceous nappe stack and
Paleocene-Eocene Danubian extensional dome in the Serbian and South
Carpathians (e.g., Krautner and Krsti¢, 2003; Fiigenschuh and Schmid,
2005) and do not represent reactivated nappe contacts. Such simplifi-
cation allows studying first-order structural responses to the varied pa-
rameters without complex overprinting interactions with earlier
deformation.

4. The reference model and parametrical study

The results are described starting with a detailed analysis of a
“reference model” (Model 1, Fig. 3), to which we compare the results of
a parametric study (Figs. 4-7) and the best-fit model (Fig. 8). The latter
serves to demonstrate the relevance of the modelling results for the
evolution of the Cerna-Timok fault system and the associated Carpatho-
Balkanides oroclinal bending. Note that the transpressional deformation
in the northernmost segment of all models (i.e., at larger distances from
the pole of rotation), results from the modelling setup (N-S oriented
velocity discontinuity, Fig. 5) and is not relevant for the comparison
with the natural case of the Carpatho-Balkanides.

Modelling results are described based on the structural interpretation
of top-view photographs and cross-sections and results of digital image
correlation methods documenting the variability of strain regimes in
map-view (Figs. 3-5 and 8). Furthermore, we use time-lapse top-view
videos of incremental strain components and cumulative strain type,
available in the Supplementary Appendix A, B, D, E and temporal evo-
lution of selected grid cells (Supplementary Appendix C and F) to derive
and explain detailed fault kinematics and their interplay during
deformation.

4.1. Reference model: model 1

Model 1 consists of a rigid indenter with rounded corners, while the
surrounding, deformable material is entirely brittle (Table 1, Fig. 2a, e).
Deformation results only from northward translation of the model
layers.

Model 1 (Fig. 3) documents the development of distinct strain re-
gimes in time, which are characterized by predominantly strike-slip
deformation along the N-S oriented flank of the indenter, trans-
pression along the curved indenter segment and contraction at the E-W
striking margin of the indenter. The partitioning into these deformation
regimes takes place during the entire experiment, although structural
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Fig. 3. Model 1 - reference model. Dashed black lines mark the upper and lower edges of the indenter. R — Riedel shear. a) Interpreted top-view photo after 1 cm of
northward translation. b) Cumulative strain type map after 1 cm of northward translation. To supress areas without significant deformation, the transparency of areas
with a strain magnitude below the 95 percentile is increased. We define the strain magnitude as the maximum, absolute logarithmic principal stretch (i.e. maximum
absolute Hencky strains). ¢) Interpreted top-view photo after 4 cm of northward translation. d) Cumulative strain type map after 4 cm of northward translation. e)
Interpreted top-view photo at the end of the experiment. f) Cumulative strain type map at the end of the experiment. Strain plots in Fig. 3b, d and f are overlain with
visually interpreted structures from Fig. 3a, ¢ and e (grey lines). Strain colour legend corresponds to Fig. 3b, d and f. g) Cross-sections of the reference model at the
end of the experiment. Dashed line marks the model topography at the end of the experiment. Shaded area in the upper part of each cross-section marks post-
kinematic sand cover. Cross-section locations are shown in Fig. 3e. (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

complexity increases through time (Fig. 3; see also Supplementary Ap-
pendix A and B that show the incremental 2D strain with time and the
evolution of average strain type).

the western and southern margins of the indenter (Fig. 3a and b). In
particular, strike-slip deformation localized along the western indenter
margin interface, while being distributed above the VD (see Supple-
mentary Appendix A, B). This suggests that lower vertical stress levels
above the ramp facilitate the onset of deformation at this location
(structure 1 in Fig. 3a). However, a new strike-slip fault zone forms

4.1.1. Early stages
In the early stages of the experiment, deformation is localized along
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afterwards (structure 2 in Fig. 3a) above the lower edge of the indenter’s
inclined margin that coincides with the basal VD. NNE-SSW oriented
Riedel shears (R in Fig. 3a) are related to the northward translation of
the mobile sheet, suggesting early strain partitioning. As the shear zone
in the north evolves, an area of transtensional strain (light blue shades in
Fig. 3b), related to dilation during shearing is bounded by areas which
underwent slight shortening and transpression (pale red, orange and
yellow values in Fig. 3b). This shear zone develops into a positive flower
structure in the north, with oblique-slip thrusts bounding the strike-slip
corridor (Fig. 3c-f). Along the western margin of the rigid block, the
deformation after 1 cm of displacement is mostly accommodated by the
two early formed N-S oriented strike-slip faults (1 and 2 in Fig. 3a). In
the early stages of deformation, these two faults are connected around
the SW corner of the indenter to the E-W oriented shortening domain in
the south. This connection is achieved through a basal thrust along the
pre-existing indenter ramp and a back-thrusting system where the offset
is initiated at the toe of the ramp (Fig. 3a, g). The overall system
transfers N-S strike-slip into E-W oriented thrusts and back-thrusts
(Fig. 3b).

4.1.2. Formation of the main N-S oriented strike-slip fault

After approximately 4 cm of displacement of the mobile sheet
(Fig. 3c and d), all Riedel shears are connected and the main N-S ori-
ented strike-slip fault (structure 2) represents a thoroughgoing strike-
slip system. This structure is characterized by a change in fault dip
angle, from sub-vertical in the north to steeply eastward-dipping in the
south (e.g., compare cross-sections a-a’, b-b’ and c-c’ in Fig. 3g),
consistent with a southward increase of the reverse component of
movement (Fig. 3g). Overall, the deformation zone gets wider south-
wards when approaching the rounded corner of the indenter (Fig. 3e), as
the cumulated deformation is changing from strike-slip and transtension
in the north to strike-slip and transpression in the south (Fig. 3f-g).
Furthermore, the final dextral offset along the main strike-slip fault
(structure 2) decreases towards south from ~6 cm to <2 cm (see the
offset in black and yellow marker lines in top view, Fig. 3e).

The initial strike-slip structure (1 in Fig. 3e and f) and the main
strike-slip fault (2 in Fig. 3e and f) are connected by obliquely oriented
thrusts in map view (3 and 4 in Fig. 3c-f, cross-section b-b’ in Fig. 3g)
and NNW-SSE oriented strike-slip faults (5 and 6 in Fig. 3e and f, cross-
section b-b’ in Fig. 3g). These thrusts develop on top of the inclined
margin, adding to the complexity in the strain pattern in the central
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Fig. 5. Interpreted top-view photos taken at the end of all 12 experiments. Numbers indicate sequence of major fault activation in the strike-slip zone. Dashed black
lines mark the upper and lower edges of the indenter. Legend is the same as in Fig. 3.

segment of the model (Fig. 3f), where strain is partitioned between top
to N shortening (red along 3 and 4 in Fig. 3f), strike-slip (green) and
transtension (light blue values) in the centre of the deformation zone
(structures 5 and 6 in Fig. 3f), while bounded by transpressional
deformation (orange values along 1 and 2 in Fig. 3f).

4.1.3. Transition between strike-slip and thrusting
The SW corner of the rigid block (Fig. 3e and f, cross-section d-d’ in
Fig. 3g) represents the area where strike-slip deformation transitions to

thrusting with significant changes of fault orientations. The strike of
major structures follows the predefined curvature of the rigid block
resulting in curved geometries of the back-thrusts and the normal faults.
Back-thrusting is transferred directly to the strike-slip deformation,
demonstrating oblique dextral reverse slip in the bending zone
(Fig. 3a—f). This connection evolves sequentially as the main strike-slip
fault propagates farther to the south to connect with newly formed
back thrust (see Supplementary Appendix A, B). N-dipping normal faults
are linked with the main strike-slip fault (structure 2) through NNW-SSE
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top-view photographs at the end of the experiment. We define the strike-slip
zone width as the distance between two bounding faults with a visually
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sections along which we determine the strike-slip zone and orogen widths.

oriented dextral faults (5 and 6 in Fig. 3e and f), while the basal thrust
remains linked to the oblique strike-slip fault along the western edge of
the indenter (1 in Fig. 3e and f). This gradual transfer is further marked
by a decrease in contractional or extensional strain, characterizing an
area of distributed deformation without clear faulting (decrease in red
and blue intensity westward along the basal thrust, in the region of the
gravitational collapse and back-thrust system in Fig. 3f). In this area the
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strain type changes from shortening and extension in the south (red and
blue in Fig. 3f, respectively) to oblique-slip (orange, yellow, light blue
values) and strike-slip (green) in the west. This change is associated with
a decrease in vertical offset in the back-thrust system from 3.3 cm in the
south (cross-section e-e’ in Fig. 3g) to 1.9 cm in the SW corner area
(cross-section d-d’ in Fig. 3f). Minor E— and W- dipping normal faults in
the bending region (Fig. 3e-g, cross-sections c-c¢’ and d-d’) display very
small offsets, accommodating the topographic transition from elevated
shortening dominated wedge south of the indenter to strike-slip domi-
nated low-topography structures to the west of the indenter.

Directly south of the indenter, the displacement is perpendicular to
the rigid block. In this part of the system, the inclined margin acts as a
thrust ramp, along which material has been transported on top of the
rigid block, resembling a flat-ramp-flat geometry (Fig. 3g, cross-section
e-e’) or Coulomb wedge model with fore- and retro-wedges (e.g., Davis
et al., 1983; Dahlen et al., 1984; Del Castello et al., 2004). The final
strain type map (Fig. 3f) demonstrates that most thrusting deformation
is accommodated along the basal thrust (see also cross-sections d-d’ and
e-e’ in Fig. 3g). The S-verging back-thrusts are partly re-activated as
N-dipping normal faults to accommodate the change in geometry of the
basal thrust from the ramp to the flat segment (Fig. 3e and f,
cross-section e-e’ in Fig. 3g; see also Supplementary Appendix C).

4.2. Parametrical study

In the following sections we provide a concise overview of modelling
results for the parameter space explored in this study. We start with
highlighting similarities and differences of modelling results for
different indenter geometries (Figs. 3-5) and amount of rotation for set-
ups where the crust consists of brittle material only (Fig. 5). Thereafter,
we describe the results for models with brittle-ductile rheological
stratification, for which we similarly vary the indenter shape and
amount of rotation (Fig. 5). Next to displaying the modelling results as
interpreted top-view images, cross sections or strain maps (see also M1),
histogram diagrams are used for the quantitative analysis of modelling
results relating the size (i.e., width, of strike-slip dominated shear zone,
width, length and depth of basin, width and height of orogen) of
structural features to the tested parameters (Figs. 6 and 7).

4.2.1. The influence of the indenter geometry

Our analysis of models with rounded (M1) and rectangular (M7)
indenter corners subject to translational kinematic boundary conditions
(Figs. 3, 4 and 5a, b) show that the indenter geometry significantly in-
fluences the geometry and kinematics of strike-slip zones and their
transition to the E-W oriented thrust systems (compare Fig. 5a and b).

In case of rounded indenter corners the strike-slip system along the
western margin is distributed over a wider area compared to models
with rectangular corners (Figs. 3 and 4). In particular, the average width
of the strike-slip zone is 4.6 cm in M1, while it is 1 cm in M7 (Figs. 5 and
6a). This difference is a consequence of how the strike-slip and thrust
domains connect. For rounded indenters it is the first back-thrust of the
thrust domain that connects with the major strike-slip fault that de-
velops at the VD along the western indenter margin (Fig. 3a and b),
whereas it is the basal fore-thrust that connects with the strike-slip fault
along the upper indenter-model boundary in the case of the rectangular
indenter (Fig. 4a and b). The latter is probably an effect of stress con-
centration at indenter corners localizing deformation close to the sand-
indenter boundary (Fig. 4). This difference in model evolution has major
implications for the style and kinematics of deformation at the transition
of the strike-slip to the thrusting domain where M1 shows a gradual
change from thrusting to strike-slip deformation (Fig. 3e and f). In
contrast, this transition is abrupt in M7 and defined by an array of small
dextral faults with an important normal slip component (Fig. 4). These
faults link to displacement along the main strike-slip fault zone cutting
the evolving thrust wedge (Fig. 4c and d).

These first-order features are also observed when combining
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Fig. 7. Basin geometry parameters and top-view shape and position. a) Charts of basin width, length and depth in each experiment. Basins’ widths and lengths are
measured in the final top-view photos in the E-W and N-S direction. Basin depths are obtained from the cross-sections. b) Top-view basin location and geometry at
the end of each experiment relative to the indenter, taken as the outline of the syn-kinematic sediments in the final top-view photograph.

translation with rotation of the moving sheet (Fig. 5 e, f, i, j) and are less
pronounced when adding a viscous layer at the bottom of the models
(Fig. 5¢,d, g, h, k, 1).

4.2.2. The influence of imposed rotation

Including rotation leads to a systematic widening of the deformed
area, particularly of the strike-slip dominated domain (Fig. 5). This ef-
fect is more pronounced when indenter corners are rectangular. For
example, when comparing models with rectangular corners (Fig. 5b, f,
j), the average strike-slip zone width in models with no rotation is as low
as 1 cm (model 7), ~4 cm for 5° of rotation (M8) and ~6 cm for models
with 10° rotation (M9; Fig. 6a). These differences are related to the
scissor-style opening of, in map-view, triangular-shaped transtensional
basins above the basal velocity discontinuity (Figs. 5 and 7). As such
these basins are narrower and shallower in the north but wider and
deeper in the south where the extensional component is largest (M8 and
M9, Figs. 6 and 7). Progressive rotation also induces the formation of
new strike-slip faults with normal component of slip (e.g., fault 7 in

11

Fig. 5j) within the evolving sedimentary basin, which cut into the
orogenic wedge at the transition zone. Furthermore, the orogenic wedge
gets lower and less wide with increasing amount of rotation for both,
models with rounded and rectangular indenter corners (Fig. 6b).

Models with curved indenter also show widening of the deformation
zone away from the rotation pole, which is, however, less pronounced
compared to models with rectangular corners (compare M2 and M3 with
M8 and M9, Fig. 5). Consequently, these transtensional basins are
smaller and less deep (width: 1.2-2.6 cm, length: 5.0-10.0 cm, depth:
0.3-0.4 cm; Fig. 7). Similar to models with rectangular corners,
widening of the strike-slip deformation zone is also associated with the
formation of new faults that link this zone to the thrust wedge (e.g., fault
4 in Fig. 5k).

4.2.3. The influence of rheology: brittle-only vs. brittle-viscous rheology
In models with a viscous layer, deformation is distributed over a

wider area but a smaller number of discrete structures is formed that

accommodate the motion of the underlying plate (Figs. 5 and 6). The



N. Krstekani¢ et al.

Back-thrust — Back-thrust
4 om of N-ward|
translation | ‘
__ Distributed!low-offset.
M back-thiustsystem

Bl [ 2cm

Gravitational

Distributed low-offset
back-thrust system

collapse
Basal thrust

9 cm of N-ward
translation and
10° CW rotation
e

istiibuted!lowsoffset

translation and
10° CW rotation

12cm

Gravitational

Distributed low-offset
back-thrust system

Top view legend
Normal
fault

Thrust
S it

Strike-slip
fault

Extension

Strike-slip

[

No strain  Shortening

collapse

Cross-section
legend
/ Thrust
fault

Normal
fault
Strike-slip
fault

-——. Model
. topography

@ A

Viscous layer Viscous layer: -

asal thiust

12

Journal of Structural Geology 149 (2021) 104386

Fig. 8. Model 6 — best-fit model. Dashed
black lines mark the upper and lower edges
of the indenter. R — Riedel shear. a) Inter-
preted top-view photo at the end of trans-
lation phase. b) Cumulative strain type map
at the end of translation-only phase. To
supress areas without significant deforma-
tion, the transparency of areas with a strain
magnitude below the 95 percentile is
increased. We define the strain magnitude as
the maximum, absolute logarithmic prin-
cipal stretch (i.e., maximum absolute
Hencky strains). c) Interpreted top-view
photo at the end of the experiment. d) Cu-
mulative strain type map at the end of the
experiment, where the deformation is ana-
lysed starting in the second phase, without
the initial 4 cm of translation (i.e., there is
no overprint of the previous strain). Strain
plots in Fig. 8b, d are overlain with visually
interpreted structures from Fig. 8a, ¢ (grey
lines). Strain colour legend corresponds to
both Fig. 8b, d. e) Cross-sections of the best-
fit model. Dashed line marks the model
topography at the end of the experiment.
Shaded area in the upper part of each cross-
section marks post-kinematic sand cover.
Cross-section locations are shown in Fig. 8c.
(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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evolution of first-order structural patterns is similar in brittle and brittle-
viscous experiments, especially along the western margin of the
indenter. The influence of the viscous crust is particularly obvious at the
southern and northern margins of the indenter, where the transfer of
deformation is more gradual. Also, notably less structures accommodate
shortening south of the indenter, while north of the indenter new
structures (i.e., splaying off of the main strike-slip zone; Fig. 5) form that
do not exist in brittle-only models. Comparing M7 with M10 shows that
main the dextral shear zone evolves on top of the velocity discontinuity
in M10 and thus at a distance from the boundary between the rigid
indenter and the sand layers. This suggests that flow in the viscous layer
has a de-localizing affect.

The viscous layer does not have a significant influence on the width
of the transtensional basins along the western margin of the indenter,
although the basins are slightly larger (especially longer) (Fig. 7a). The
viscous layer controls the geometry of the basin (Fig. 7b), allowing the
transfer of deformation around the NW corner of the indenter creating
oblique-slip normal faults (splaying in Fig. 5d, g, h, k, I, 7b). These
oblique-slip faults control the subsidence in this NE-SW to E-W oriented
basin north of the indenter, which is connected to the main N-S oriented
basin along the western margin (Figs. 5 and 7b).

The orogenic wedge at the southern margin of the indenter is sys-
tematically wider but is not systematically different in height for models
with viscous rheology (Fig. 6b). The associated faulting patterns is
characterized by a few discrete structures (on average 1-2 fore-thrusts
and up to 2 back-thrusts) additional to a multitude of low offset struc-
tures appearing as “wrinkles” on the model surface (Fig. 5).

5. The best-fit model for the Cerna-Timok system and associated
Carpatho-Balkanides oroclinal bending

Among all modelling scenarios (Fig. 5), the one that simulates most
closely the evolution and geometry of the Cerna-Timok fault system and
the associated oroclinal bending is model 6, hereafter referred as the
“best-fit” model. This model consists of a rigid block with rounded
corners and a brittle-viscous rheology (Table 1, Fig. 2a, c, f), where ki-
nematic boundary conditions are applied in two stages. After four cen-
timetres of northward translation (i.e., the first stage), a total 10°
clockwise rotation is applied simultaneously with continued northward
translation (i.e., the second stage). This setup creates a combination of
constant translation and rotation of the moving basal plastic sheet
(Fig. 2¢).

Similar to the previously described ones (Fig. 5), the best-fit model
transfers strike-slip and transtension in the west into thrusting in the
south via a transpressional region at the SW corner of the indenter
(Fig. 8). The viscous layer distributes deformation over a larger area
when compared to the reference model, with a similar geometry to the
one of the Cerna-Timok faults system (compare Figs. 1c and 8).

The initial translation stage (Fig. 8a and b) forms NNE-SSW oriented
en-echelon Riedel shears oblique to the basal VD in the north (R in
Fig. 8a) and two main strike-slip faults along the western margin
(structures 1 and 2 in Fig. 8a and b), similar to other models (Fig. 5).
These strike-slip faults simulate an original onset of the Timok and Cerna
as separate faults, which were linked to the main southern thrusting area
via the curved SW indenter’s corner, in a similar way to the transfer to an
initial Cerna-Timok dextral offset to the Balkanides (compare with
thrusting in Fig. 1c). This geometry also implies that the present-day
truncation of the Cerna by the Timok Fault is a later, early Miocene
feature, by a splay connecting the southern Cerna with the northern
Timok. The southern area shows distributed low offset back-thrusts
(Fig. 8a), while north dipping normal faults accommodate the collapse
of the gravitationally unstable thrust wedge in the hinterland of the
main thrust front (blue in Fig. 8b).
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5.1. Transtensional basin geometry and structure

The transfer of deformation around the NW indenter corner from
strike-slip/transtension (green and light blue values in Fig. 8b) along the
western margin into transtensional (light blue and pale blue values in
Fig. 8b) deformation in the north of the indenter takes place already
during the initial translation stage (Fig. 8a and b). Such a transfer
mechanism has already been inferred for the general splaying of strike-
slip system towards the South Carpathians, around the rigid indenter’s
NW corner, where the slip changes from strike-slip into oblique normal-
slip and even normal-slip deformation, resulting in the early Miocene
transtensional opening of the Getic Depression (Fig. 1¢, Matenco et al.,
2003; Krézsek et al., 2013).

The subsequent rotation in the best-fit model has comparable scaled
dimensions and is controlled by 10° of total clockwise rotation along the
western margin of the indenter (Fig. 8c), an amount that was reported
for the Serbian Carpathians for Oligocene — Miocene times (Marovic¢
et al., 2002). In the same area, the model shows the formation of
transtensional basins along the western margin of the indenter that are
very similar with the ones observed in the natural case (Fig. 1c). The
similarity also insinuates that the subsurface SW and NW corner ge-
ometry of Moesian indenter had a similar curvature with the one pres-
ently observed. In models with rectangular indenters and 10° CW
rotation, basins are much larger than the ones observed in the Serbian
and South Carpathians (compare Figs. 1c, 5 and 7). The subsequent
rotation in the best-fit model complicates the structural pattern by
distributing deformation over additional structures. For instance, new
faults (e.g., 3 and 4 in Fig. 8c) form in the area between previously
formed structures (1 and 2, Fig. 8c and d), similarily to other models
with rotation (Fig. 5). Furthermore, rotation increases oblique move-
ments along all structures (intercalating light blue and yellow — orange
colours in Fig. 8d).

In more details, the transtensional basin at the western margin of the
indenter displays a more complex geometry than the one in the refer-
ence model because of the combined influence of the rotation and
viscous layer at the bottom. In M6 it consists of two interconnected
basins (Fig. 8c) which gradually enlarge and connect in later stages of
deformation. The larger basin (Figs. 7b and 8c) is elongated in roughly
N-S direction and is opened along the western margin of the rigid block.
The smaller one is located to the north with a curvature controlled by the
NW corner of the indenter.

The geometry of the larger basin is controlled by the position with
respect to the pole of rotation (fixed pin in Fig. 2a, c). Initially, a
triangular transtensional basin opens due to the oblique normal slip
along Riedel shears (similar to M4, M5, M7-10 in Fig. 5), which grad-
ually widens southwards with subsequent deformation and rotation (i.
e., in the direction away from the pole of rotation). Transtensional
(dextral-normal) faults control the subsidence and bound the basin to
the west and east (structures 2 and 3 in Fig. 8c). Structure 2 accom-
modates a larger amount of deformation (Fig. 8e, cross-sections a-a’, b-
b’). Its associated sedimentary infill is affected by subsequent dextral
strike-slip faulting (structure 4) that cuts through the basin and transfers
most offset from structure 2 (Fig. 8c). These modelling geometries are
fairly similar with the triangular geometry and differential subsidence
observed in the Timok - Knjazevac basins system (Fig. 1¢, Marovic et al.,
2007).

The smaller basin opens along the northern margin and NW curved
corner of the indenter. In this area, the transtensional dextral slip is
transferred into dominantly NNW- to N-dipping normal faults (structure
5 in Fig. 8c and d and cross-section a-a’ in Fig. 8e) that control sedi-
mentation in the basin. The offsets along these faults are significantly
smaller than along faults controlling the N-S oriented basin and,
therefore, the curved basin in the north is shallower (e.g., cross-section
a-a’ in Fig. 8e). These transtensional faults form towards the end of the
experiment and have eastward decreasing offsets (structure 5 in Fig. 8c
and d). These patterns are in agreement with observations in the Getic
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Depression (Fig. 1c¢), where the Timok Fault splays in multiple branches
with gradually decreasing offset (e.g., Rabagia et al., 2011 and refer-
ences therein). However, the basin that opens along the NW corner and
northern margin of the rigid block in the best-fit model is much shal-
lower compared to up to 3 km subsidence generated in the Getic
Depression (Matenco et al., 2003). This observation indicates that
dragging along the Cerna-Timok faults system may be responsible for
the ultimate connection between the Timok basin and the Getic
Depression but is not the main mechanism controlling the subsidence in
the latter. This is in agreement with the interpretation of the transten-
sional Getic Depression opening mechanism (e.g., Krézsek et al., 2013;
Matenco, 2017) in response to the Carpathians slab pull (presently
remaining only as the Vrancea slab, Fig. 1a) and its associated tearing
along an E-W oriented Subduction-Transform Edge Propagator (STEP)
system in the South Carpathians (Fig. 1a; Govers and Wortel, 2005;
Matenco, 2017). Our modelling does not account for such more
advanced geodynamic effects.

5.2. Transition between strike-slip/transtension and thrusting

South of the N-S oriented basin along the western indenter’s margin,
the strike-slip deformation is distributed over numerous vertical to high-
angle faults (Fig. 8c, e, cross-section c-c’). These faults have a normal
slip component that decreases southwards and is replaced with oblique
reverse slip as the deformation is gradually transferred around the SW
corner of the indenter (Fig. 8c and d) and further to thrusting south of
the indenter (Fig. 8c and d, cross-section d-d” in Fig. 8e). The thrusting in
the south and associated normal faulting due to the gravitational
instability of the built-up wedge (Fig. 8c and d) are similar as in the
reference model. The only difference is that back-thrusts and normal
faults have smaller offsets in the best-fit model (Fig. 8c and d, cross-
section d-d’ in Fig. 8e). An interesting feature is that the area of gravi-
tational collapse during translation (blue in Fig. 8b) gets shortened
during the subsequent rotation (red and orange area in the hanging wall
of the basal thrust in Fig. 8d; see also Supplementary Appendix F). Both,
thrusts and normal faults have a curved map-view geometry because
they are linked with the strike-slip corridor in the west (Fig. 8c).

The transfer of strike-slip deformation into thrusting simulates very
well and is compatible with the transfer of deformation observed from
the Cerna-Timok fault system into the western Balkanides thrust wedge
(e.g, Schmid et al., 2020). The thrusts in the Balkanides also have a
curved geometry due to the dextral drag along the Timok Fault during
the transfer of deformation (Fig. 1b and c, see Schmid et al., 2020).
Minor back-thrusting is also observed in the Balkanides nappes north of
the Sofia basin (Fig. 1c).

The offset along the strike-slip system at the western margin of the
rigid block decreases southwards in the best-fit model (from ~6 c¢cm to
<2 cm, see the offset of black and yellow marker lines in top view of
Fig. 8c). Notably, the southern propagation of the strike-slip faults offset
earlier shortening structures (structure 6 in Fig. 8c, e, cross-section c-c’).
Such propagation of strike-slip faults and truncation of older structures
in the south are common features in other models as well (e.g., fault 6 in
M2, 6 and 7 in M3, 6 in M4, southern prolongation of 4 and 5 in M5, 5 in
M7, 6 in M8, 6 and 7 in M9, 3 in M10, southern prolongation of 4 in M11
and M12, Fig. 5). The decrease in offset in models explains well the
observed significant decrease in Timok fault dextral offset from 65 km in
the north to around 5-10 km south of Pirot basin (Fig. 1c). A large part of
the Timok dextral offset is taken up by thrusting in the Balkanides
(Schmid et al., 2020), while the remainder in the southward prolonga-
tion is less constrained. One interpretation assumes that the Timok Fault
is an inherited feature that was connected with the Cretaceous strike-slip
deformation in the northern Rhodope (Fig. 1a and b, dashed line in
Fig. 1c, the connection with the NW-SE oriented Maritsa Fault of Schmid
et al., 2020, see also Naydenov et al., 2009, 2013; Henry et al., 2012;
Vangelov et al., 2016). Another interpretation suggests that the Timok
Fault continues south of the Pirot basin, offsetting the Kusa Vrana
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anticline (Fig. 1c, Krautner and Krsti¢, 2003; Vangelov et al., 2016; van
Hinsbergen et al., 2020). By comparing the geometries and overall
evolution (Figs. 1c, 5 and 8), including the observed geometry of
strike-slip deformation, our models are more compatible with the sec-
ond solution.

6. Deformation transfer and oroclinal bending around indenters

In this section we will discuss and compare our modelling results,
summarized in Fig. 9, with previous studies.

6.1. Effects of the rigid indenter geometry on the strain partitioning

Our results show that deformation around a rigid indenter with
either round or angular corners leads to curved fault systems where
thrusting in the shortening domain transitions to strike-slip deformation
through a system of oblique slip faults (Fig. 9). This transitional area
coincides with the maximum curvature of the fault system. This curva-
ture is gradual in cases of rounded indenter corners, but abrupt in cases
of rectangular comers, indicating that stress concentrations at indenter
dips control the locus and geometry of deformation. Similar effects have
been shown by Luth et al. (2013), where new faults nucleate at indenter
dips. Overall, our results are in line with previous analogue modelling
studies where the curvature of fold and thrust belts in front of an
indenter are controlled by the indenter geometry (Marshak, 1988;
Marshak et al., 1992; Zweigel et al., 1998; Costa and Speranza, 2003;
Crespo-Blanc and Gonzélez-Sanchez, 2005; Luth et al., 2013;
Jiménez-Bonilla et al., 2020). Similar to our results, these studies exhibit
a narrowing of the deformed area when deformation is transferred from
the frontal to the lateral indenter margin (e.g., Marshak, 1988; Cres-
po-Blanc and Gonzalez-Sanchez, 2005; Luth et al., 2013). The change in
deformation regime around the indenter is also associated with a
decrease in topography from the contractional to the strike-slip domain,
which is gradual in case of a rounded indenter (Fig. 9a) because
northward translational component of displacement continuously
transfers deformation to the strike-slip domain. This material transfer
results in a higher topography farther northward and limits the forma-
tion of a wide and deep basin. In contrast, when the corner is rectangular
(Fig. 9b), the wedge topography rapidly decreases northwards along a
series of normal faults leading to a narrow transition zone (Fig. 9b).

The structure of the thrust wedge that forms south of the indenter is
largely independent of the indenter geometry. The top to north basal
thrust has a flat-ramp-flat geometry and the south-verging back-thrust
system accommodates deformation in the hanging wall during thrusting
(Fig. 5, see also cross-sections e-e’ in Fig. 3g and d-d’ in Fig. 4e). N-
dipping normal faults, which reactivate previously formed back-thrusts,
are interpreted as an expression of gravitational instability on top of the
upper flat segment (Fig. 3g, cross-section e-e’, Fig. 4e, cross-section d-d’
and Fig. 8e, cross-section d-d’; see also Supplementary Appendix C, F).
These key features are consistent with previous modelling studies
(Bonini et al., 2000; Rosas et al., 2017 and references therein; Fedorik
et al., 2019).

6.2. Rotational control on the coupled basin-orogen evolution

In our models, morphologic depressions with limited lateral extent
evolve along the strike-slip shear zone (Fig. 5) and probably reflect early
dilatancy during shear zone development. All major sedimentary basins
open in response to rotation of the mobile plate (Fig. 9¢). During rotation
the tangential extension (i.e., pole of rotation coincides with the pole of
extensional opening) will create basins with a triangular map-view ge-
ometry (Fig. 9¢), which is narrowing towards the pole of rotation, as
observed in many natural examples including the Aegean (eg. Brun
et al., 2016) or the southern Ethiopean segment of the East African rift
system (Philippon et al., 2014), and modelling studies (Zwaan et al.,
2020 and references therein).
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Fig. 9. Influence of various parameters on the structural evolution and defor-
mation transfer around indenter. a) and b) Comparison of effects of different
indenter geometries (rounded vs rectangular, respectively) on transfer of
deformation between different indenter margins. c¢) Effects of rotation on
widening the deformation zone and opening of triangular basins. White arrow
indicates the direction of the basin opening. d) Added effects of flow in the
viscous layer compared to brittle only rheology as in Fig. 9c. Viscous layer
distributes deformation in a larger area and facilitates transfer of deformation
around indenters corners. Grey arrow indicates direction of flow in the viscous
layer. White arrow indicates the direction of the basin opening.
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Although basins in our models are triangular and overall become
narrower northwards (Figs. 5 and 7b), the combination of rotation and
translation creates significant dextral shearing within the basin and
partitions deformation between normal, oblique-normal and strike-slip
faults as also described by Farangitakis et al. (2019; 2021). This is
different to rotational extensional settings without coeval translation,
where the size of the basin and its propagation towards the pole of
rotation is solely controlled by the amount of rotation (Zwaan et al.,
2020). The dextral component of shearing inside the basin creates major
high angle faults, which are similar to the previous results of transten-
sional strike-slip experiments invoking a curved velocity discontinuity at
the base of the model (Smit et al., 2010).

Shearing along the oblique-slip dextral faults transfers northern parts
of the basin beyond of the pole of rotation (Fig. 7b), which would
otherwise be an area of transpression (see Zwaan et al., 2020). This ef-
fect is enhanced when invoking a ductile crust (see section 6.3). We
furthermore note that the geometry of rotational triangular basins can
also be controlled by inherited structural patterns or rheological het-
erogeneities (e.g., Molnar et al., 2017; 2019; Zwaan and Schreurs,
2020). However, as these aspects are not the focus of this study, they will
not be discussed further.

6.3. Influence of the viscous layer on structural patterns

The presence of a viscous layer distributes deformation over larger
areas with a lower number of high offset structures (Figs. 5-7, 9d). The
reduced number of faults in these models and a more gradual transition
of deformation along the indenter’s margins results in a less well-
developed structural pattern. These features have also been observed
in previous studies (e.g., Casas et al., 2001; Leever et al., 2011; Luth
et al., 2013; Jiménez-Bonilla et al., 2020 and references therein).

A novel aspect of our study is related to the transfer of deformation
around the north-western indenter corners, where we interpret the
development of splay faults in the brittle layer as an expression of flow in
the underlying viscous layer that also affects areas on the adjacent fixed
sheet (see Figs. 2c, 7 and 9c). We suggest that this flow generates a
transtensional deformation regime leading to minor thinning of the
viscous layer and subsidence within a local basin. The geometry of the
(sub-)basin is controlled by the geometry of the NW corner (curved basin
vs. more angular basin connection, Fig. 7b). South of the indenter, where
the viscous layer is involved in thrusting over the ramp, most of the
shortening is accommodated by the main basal thrust with well
distributed hanging wall shortening (e.g., Fig. 8e, cross-section d-d’),
which is also observed in models by Bonini et al. (2000).

7. Conclusions

We present a series of crustal scale analogue experiments studying
strain partitioning around an overall rectangular, rigid indenter with
inclined margins. The investigated parameters include the shape of the
indenter corners, the kinematic boundary conditions and the rheological
stratification of the model crust.

Our models show that the shape of the indenter corners (rounded
versus rectangular) has a major control on the style and geometry of
deformation in the vicinity of the indenter. Styles of deformation include
thrusts striking parallel to the indenter margin in the contractional
domain, strike-slip fault systems parallel to the overall transport direc-
tion and oblique slip fault systems accommodating the deformation
transfer from the contractional to the strike-slip domain. Together these
structures define an orocline whose curvature, width of deformed area
and along strike topographic gradient are largely controlled by the
indenter corners. Models with rounded corners result in a gradual
transition from thrusting to strike-slip deformation affecting a relatively
wide area. This transition is abrupt in the case of rectangular indenter
corners and deformation is concentrated in the strike -slip domain
within a narrow zone close to the indenter-model interface. These
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differences are the consequence of stress concentrations at indenter tips.

The modelling results furthermore demonstrate that 10° clockwise
rotation of the model layers relative to the stationary indenter is critical
for opening of syn-tectonic sedimentary basins with triangular geometry
along indenter margin(s). Overall, this area is characterized by trans-
tensional strain where new, steeply dipping strike slip faults with normal
component of shear form in the centre of the basin accommodating its
rotational opening. Implementation of a viscous layer leads to distri-
bution deformation over a wider area, which is, however, accommo-
dated by fewer large-offset structures. Most importantly, flow of the
viscous layer around indenter corner allows for transfer of deformation
from the mobile to the stationary plate and the formation of curved
transtensional basins.

Based on these models, we propose that oroclinal bending of the
Carpatho-Balkanides is not only accommodated by the Cerna and Timok
strike-slip faults, but involves the transfer of strain from the Balkanides
where simultaneous contraction lead to the formation of a fold and
thrust belt. Deformation is partitioned along numerous structures that
control the northward translation and coeval opening of the transten-
sional basins (such as Timok and Knjazevac basins) along the Timok
Fault, while the dextral splay faults around the NW Moesian corner, link
up with deformation in the Getic Depression. Furthermore, we suggest
that the southward decrease in dextral offset along the Timok Fault is a
result of deformation transfer into thrusting in front of Moesia, which
gradually reduces the amount of strike-slip deformation southwards
along this fault.

In general, our modelling results show that oroclinal bending around
rigid indenters is inevitably associated with the partitioning of defor-
mation involving the coeval displacement of linked thrust, oblique-slip
and strike slip fault systems to accommodate translational and rota-
tional plate movements.
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