Global and Planetary Change 182 (2019) 103027

Contents lists available at ScienceDirect

Global and Planetary Change

journal homepage: www.elsevier.com/locate/gloplacha

Research article

Check for
updates

Transfer of deformation during indentation: Inferences from the post-
middle Miocene evolution of the Dinarides

Marianne van Unen™™", Liviu Matenco®, Vedad Demir®, Fadi Henri Nader”, Romain Darnault’,
Oleg Mandic*

@ Faculty of Geosciences, Utrecht University, Utrecht, the Netherlands
b IFp Energies Nouvelles, Rueil-Malmaison, France

© Federal Institute for Geology, Sarajevo, Bosnia and Herzegovina

9 Natural History Museum Vienna, Vienna, Austria

ARTICLE INFO ABSTRACT

Understanding the structural and kinematic effects of indentation is still debated due to the large number of
competing mechanisms associated with the complex orogenic build-up. Among the many examples available
worldwide, the evolution of the Adriatic continental microplate in the Mediterranean domain provides one of the
best places to understand the mechanics of indentation. This understanding is hampered by the lack of structural
and kinematic data in the Dinarides, an orogen situated at the critical transition between the Alps, Albanides and
Hellenides, and across the Adriatic margin of the Apennines. We have studied the less known area of the central
and south-eastern Dinarides by focussing on collecting a new kinematic dataset for structures formed during the
Adriatic indentation, which postdates the main Late Jurassic — Paleogene orogenic structuration. Our results are
in agreement with previous interpretations of an early-middle Miocene period of extension that affected the
entire orogen across its strike and is incompatible with indentation effects in the studied parts of the Dinarides.
More importantly, we demonstrate for the first time that the post- middle Miocene Dinarides deformation was
characterized by a coherent regional system of large offset dextral strike-slip faults, which transfer gradually
their offsets to thrusts and high-angle reverse faults. The overall deformation transfer mechanism can be de-
scribed as a special class of continental restraining bends or stepovers, whose geometry is controlled by rheo-
logical distribution. The integration of our results in the larger geodynamic context shows that the post-middle
Miocene Dinarides fault system accommodates the differential motion between the N- to NE-wards Adriatic
indentation and the rapid S- to SW- ward movement of a Hellenides area situated SE of the Kefalonia Fault,
driven by the Aegean slab-roll back.
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1. Introduction

The architecture of mountain belts is often controlled by the evo-
lution and dynamics of subducted slabs during the final stages of con-
tinental collision (e.g., Andri¢ et al., 2018; Burov et al., 2014; Duretz
and Gerya, 2013; Faccenna et al., 2014; Matenco et al., 2010). The term
indentation has been used to define the collisional mechanics of a small
continental plate flanked by subduction zones, creating significant
crustal thickening and/or lateral escape of blocks against strike-slip
faults, facilitated by rheological strength contrasts or changes in sub-
duction mechanics, such as lateral slab retreat (e.g., Davy and Cobbold,
1988; Molnar and Tapponnier, 1975; Regard et al., 2005). Under-
standing the structural and kinematic effects of indentation has been a

subject of debate due to the large number of competing mechanism,
ranging from crustal and lithospheric thickening and folding, lower
crustal flow, lateral extrusion, to oblique oceanic or continental sub-
duction (e.g., Houseman and England, 1993; Meissner and Mooney,
1998; Molnar and Tapponnier, 1975; Rosenberg et al., 2007; Smit et al.,
2013; van Gelder et al., 2017). In many situations observed in the India-
Asia or Mediterranean collision systems, indentation is associated with
the evolution of opposite dipping subduction zones situated at the
margins of the continental plate fragment, where a lateral transfer of
contractional deformation across multiple orogens is observed
(Doglioni et al., 2007; Faccenna et al., 2014; Faccenna et al., 2004;
Jolivet et al., 2018). While the significant thickening of the continental
fragments is usually described as indentation, the same convergence
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Fig. 1. Tectonic map of the external parts of the
Dinarides, Albanides and Hellenides, as well as the
neighbouring parts of Pannonian Basin, Southern and
Eastern Alps (after Schmid et al., 2008; Schmid et al.,
2011). In the Dinarides, the map is overlain by the
post- 9 Ma fault system depicted in this study and by
Miocene basins belonging to the Dinarides Lake System
(Harzhauser and Mandic, 2008; Mandic et al., 2012).
The grey polygon is the location of the map in Fig. 2.
The grey lines are the locations of the cross-sections in
Fig. 3a, b. The map in the upper right corner is the
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process is described laterally in the opposite polarity subduction sys-
tems as oceanic or continental subduction (Faccenna and Becker, 2010;
Jolivet et al., 2018; Munteanu et al., 2014; Peral et al., 2018; Regard
et al., 2005). This contrast leads to a situation where a clear process-
based discrimination between subduction and indentation, based on
observations in transition zones, is too often unclear. In particular, ki-
nematic studies are required in such transitional zones to discriminate
processes and understand indentation effects.

One typical example of the interplay between indentation, opposite
polarity subduction zones and associated deep mantle processes is the
one observed for the post-Paleogene evolution of the Adriatic micro-
plate, which is situated between the opposite polarity orogenic systems
of the Alps and the ones of the Dinarides and Apennines (Fig. 1, Handy
et al., 2014; Kiraly et al., 2018; Le Breton et al., 2017; Ustaszewski
et al.,, 2008). The kinematics and timing of deformation is relatively
well understood in the rapid transition zone between the Alps and
Apennines (e.g., Bertotti et al., 2006; Handy et al., 2010; Picotti and
Pazzaglia, 2008; Schmid et al., 2017). In contrast, the balance between
the Alps-Dinarides subduction polarity change, Adria indentation and
subduction of the Adriatic plate in the Dinarides (Fig. 1) is much less
understood (e.g., Bennett et al., 2008; Kissling et al., 2006; Schmid
et al., 2008; Sumanovac et al., 2017). This understanding is hampered
in particular by the poor knowledge of the post-Paleogene kinematics in
the external Dinarides (Fig. 1). This 700 km long orogen connects the
intense post-Paleogene and active deformation presently observed in
the Southern Alps, defined as Adriatic indentation, with the active
subduction and retreat of the Aegean slab that still drives the evolution

of the Albanides — Hellenides orogenic system (e.g., Handy et al., 2019;
Jolivet and Brun, 2010; Jolivet et al., 2015; Schmid et al., 2008; van
Gelder et al., 2017). The Adriatic indentation was associated in the
Southern Alps and internal part of the Dinarides with thrusting, dextral
movements and/or extrusions along the Peri-Adriatic Lineament (e.g.,
Fodor et al., 1998; Frisch et al., 2000; Tomljenovi¢ and Csontos, 2001;
Ustaszewski et al., 2014; Vrabec et al., 2006; Wolfler et al., 2011; Zibret
and Vrabec, 2016). In contrast, there is almost no kinematic and timing
documentation available for structures in the central and south-eastern
part of the external Dinarides that would explain the present-day in-
tense seismicity, crustal stress pattern and the up to 5 mm/yr N- to NE-
ward movement with respect to stable Europe detected by GPS studies
(Bennett et al., 2008; Caporali et al., 2009; Grenerczy et al., 2005;
Heidbach et al., 2018; Métois et al., 2015; Pinter et al., 2005). This lack
of data renders all previously inferred large-scale (up to 100 km) mo-
tions along various structures in the external part of the Dinarides, such
as the NNW-SSE oriented dextral strike-slip Split-Karlovac Fault System
(Fig. 1, e.g., Chorowicz, 2016; Ustaszewski et al., 2008) and resulting
reconstructions of Adriatic indentation (e.g., Picha, 2002) as highly
speculative. Therefore, a quantitative understanding of the effects and
mechanics of the N-ward Adriatic indentation and its relationship with
the inherited NW-SE oriented Dinarides structure is still not available.

We aim to fill this gap in regional and process-oriented knowledge
by quantifying the post-Paleogene kinematics and timing of structures
associated with the indentation of the Adriatic continental micro-plate
and its continental subduction observed in the external parts of the
Dinarides. We have collected a new kinematic dataset for structures
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Main DLS basins Fig. 2. Geological map of the central and south-
1-Cazin 7 - Tomislavgrad eastern part of the Dinarides (simplified from
2-Bihac 8- Konjic 1:100,000 maps of former Yugoslavia — OGK, Osnova
3-Sinj 9 - Bugojno Geoloska Karta) overlaid by the post- 9Ma fault
4 -Drvar 10 - Kamengrad . . . .
5- Glamoc 11 - Jajce system kinematically mapped in this study and the
6-Livno 12 - Sarajevo-Zenica major nappe contacts depicted in Fig. 1. Note also
13 - Gacko the location of the main Miocene Dinarides Lake
System (DLS) basins (Harzhauser and Mandic, 2008;
Mandic et al., 2012). Early-middle Miocene faults
were displayed and correlated only in the area cov-
ered by the Miocene basins, while Eocene-Oligocene
faults are taken from the above mentioned geological
maps and their interpretation is based only on stra-
tigraphic juxtapositions. Grey polygons are the lo-
cations of maps in Figs. 5, 7 and 9. The grey lines are
the locations of the cross-sections in Fig. 3a, b.
SKF = Split — Karlovac Fault.
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Fig. 3. Cross-section over the external Dinarides (reinterpreted after van Unen et al., 2019; van Unen, 2019). The locations of the cross-sections are displayed in Figs. 1,
2, 5,7 and 9. a) Kinematically controlled cross-section in the central part of the external Dinarides. Note the superposition of deformation between older late Jurassic —
Eocene thrusts, early-middle Miocene normal faults and post- middle Miocene structures. t1 and b1 are a thrust and backthrust discussed in the text and displayed also in
Fig. 7a; b) Kinematically controlled cross-section located in the SE part of the Dinarides. Details of the seismic interpretation and its alternatives in the offshore part are
available elsewhere (Bega, 2015; van Unen, 2019). MAR = Middle Adriatic Ridge. The quantitative restoration of this cross-section is available in Fig. 11.

that postdate the main Late Jurassic — Paleogene orogenic evolution in montane lakes that overlies the previous orogenic structure and whose

the central and south-eastern Dinarides (Fig. 2). We use one critical areal extent was enhanced by the Miocene Climatic Optimum (Figs. 1
timing indicator not previously accounted for, which is the deformation and 2, Harzhauser and Mandic, 2008; Harzhauser et al., 2011; Mandic
of Miocene sediments deposited during the development of the Dinar- et al., 2012). Given the unusual large extent of our studied area, we
ides Lake System. This system is an endemic and isolated group of intra- have focused our observations to ultimately interpret only post- middle
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Miocene large offset faults that affect the Dinarides Lake System sedi-
ments and can be followed regionally outside the Miocene basins. A
quantification is achieved by the means of a field kinematic study
correlated with cross-sections and restoration, available information on
timing, orogenic structure and evolution, seismicity, crustal stress pat-
tern and GPS motions. The results are discussed in the context of
characterizing deformation mechanics and understanding regional ef-
fects associated with the Adriatic indentation in the larger framework of
the neighbouring Southern Alps, Albanides, Hellenides and Apennines
orogens.

2. The Dinarides orogenic evolution and the Adriatic indentation

The Dinarides are part of a Mediterranean orogenic system that
evolved during Mesozoic—Cenozoic times (Figs. 1 and 2). The opening
of a northern branch of the Neotethys Ocean located between Adriatic-
and European- derived continental units took place during the Middle
Triassic (e.g., Schmid et al., 2008; Stampfli and Borel, 2002). Structures
associated with this opening are rather scarce in the presently observed
Dinarides nappe stack, but a NE-SW direction of extension has been
inferred in the internal Dinarides and the Budva Unit of Montenegro
(e.g., Tolji¢ et al., 2013; van Unen et al., 2019). The Neotethys opening
in the Dinarides was associated with widespread rifting magmatism and
the subsequent formation of a wide passive Adriatic continental margin
(e.g., Dimitrijevic, 2001; Pamic, 1984). While the proximal part of this
continental margin (SW-wards in Fig. 2) recorded almost continuous
and thick Triassic-Paleocene shallow-water carbonate sedimentation
(in the Dalmatian, High-Karst and Pre-Karst units in Figs. 1-4), its distal
parts (NE-wards in Fig. 2) recorded gradual subsidence and deepening
of a carbonate to marine pelagic facies during Middle Triassic — Lower
Jurassic times (Fig. 4, Korbar, 2009; Schefer, 2010; van Gelder et al.,
2015; Vlahovic et al., 2005). The exception is the Middle Triassic for-
mation of the external located Budva graben (Fig. 4b), subsequently
incorporated in the orogenic nappe stack (Fig. 3b), which recorded
continuous deep-water carbonatic to pelagic sedimentation until Cre-
taceous times, interrupting the spatial continuity of the Adriatic
shallow-water carbonate sedimentation (Cadjenovic et al., 2008; Crne
et al., 2011; Gorican, 1994; Vlahovic et al., 2005). Laterally, the Budva
unit can be correlated to the SE with similar deep-water deposits lo-
cated in the Krasta-Cukali and Pindos units of Albania and Greece, re-
spectively, while rapidly pinching out NW-wards in the present Di-
narides structure (Fig. 1, e.g., Korbar, 2009; Robertson and Shallo,
2000; Schmid et al., 2008).

2.1. Orogenic deformation in the Dinarides

The onset of the Middle Jurassic Neotethys oceanic subduction
continued with a Late Jurassic—earliest Cretaceous obduction of the
Western Vardar Ophiolitic unit over the Adriatic margin, which is ob-
served by top- NW to WNW thrusting of ophiolites and associated
ophiolitic melanges overlying in an upper structural position the in-
ternal-most units of the Dinarides (Fig. 1, e.g., Dimitrijevi¢, 1997;
Robertson et al., 2009; Schmid et al., 2008). Subduction continued
during Cretaceous times and peaked with the latest Cretaceous—earliest
Paleogene collision between Adriatic- and European- derived con-
tinental units that was associated with the formation of a suture zone at
their contact (the Sava Zone, Fig. 1, Pami¢, 2002; Tolji¢ et al., 2018;
Ustaszewski et al., 2009). Orogenic movements continued by renewed
Eocene — Oligocene shortening, recorded with larger offsets in the ex-
ternal part of the Dinarides and with reduced amplitudes in more in-
ternal units (Andri¢ et al., 2017; Dimitrijevi¢, 1997; Stojadinovic et al.,
2017; Ustaszewski et al., 2010). All these Cretaceous — Paleogene oro-
genic deformations are characterized by NE-SW oriented contraction
and have created the presently SW-ward verging Dinarides nappe stack
(Figs. 2 and 3a,b). The peak deformation episodes were associated with
the deposition of turbidites (“flysch” deposits) in the footwall of various
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thrusted units. The thickest deposition of such turbidites is observed in
the Bosnian Flysch zone (Figs. 2 and 3), which is located in the footwall
of the ophiolite-carrying East Bosnian — Durmitor unit and can be
possibly correlated laterally with similar turbidites located in the
footwall of the adjacent Southern Alps thrusting (the Tolmin Flysch,
Dimitrijevi¢, 1997; Gorican et al., 2012; Hrvatovi¢ and Pamié, 2005;
Tari, 2002). The deposition of the Bosnian Flysch started during Late
Jurassic times (the Vranduk Flysch) and continued with larger amounts
during latest Cretaceous (Maastrichtian) times (the Ugar-Durmitor
Flysch), while this deposition was locally interrupted by unconformities
(Fig. 4, Dimitrijevi¢, 1997; Hrvatovi¢, 2006; Hrvatovi¢ and Pamic¢,
2005; Mikes et al., 2008; Schmid et al., 2008). Latest Cretaceous syn-
depositional thrusting was documented in Ugar-Durmitor turbidites,
associated with a NE-SW oriented shortening event (van Unen et al.,
2019). In a more external position, the Eocene (-Oligocene?) thrusting
of the High-Karst and Budva units was associated with a similarly or-
iented NE-SW shortening event that was coeval with the sedimentation
of turbidites in their footwall, followed locally by the late Eocene —
Oligocene deposition of a shallow-water to alluvial continental re-
gressive sequence (Fig. 4, e.g., the Promina “molasse”, Mrinjek, 1993;
Tari and Mrinjek, 1994; Zupanic¢ and Babi¢, 2011). The NE-SW oriented
contraction style was strongly influenced by the inherited rheology,
high amounts of thrusting and short-wavelength folding being observed
in turbidite belts and deep-water sediments of the Budva zone, while
lower amounts of thrusting and long-wavelengths folding being ob-
served elsewhere in the dominantly shallow-water carbonates of the
external Dinarides (Fig. 3, Andric et al., 2018; van Unen et al., 2019).

These successive orogenic building episodes were followed by a
period of early-middle Miocene extension that affected large areas of
the Dinarides. This extension was widely observed along the NE contact
with the Pannonian Basin, where the Sava Zone was reactivated along
its entire strike by the creation of multiple extensional detachments
(e.g., Ustaszewski et al., 2010; van Gelder et al., 2015). A bimodal NE-
SW and NW-SE oriented extension affected also more external Dinar-
ides areas, where it created many of the basins that are part of the
Dinarides Lake System (Fig. 1, Andri¢ et al., 2017; Harzhauser et al.,
2011; Mandic et al., 2012; van Unen et al., 2019). The 18 Ma onset of
extensional deposition observed in these basins post-dates the ~20 Ma
onset of back-arc extension observed in the neighbouring southern
Pannonian Basin, interpreted to be driven by the roll-back of an oro-
genic slab situated at far distances from the Dinarides (i.e. the Car-
pathians slab, Fig. 1, de Leeuw et al., 2012; Horvath et al., 2015;
Mandic et al., 2012; Paveli¢ and Kovaci¢, 2018). This onset also post-
dates the Oligocene onset of extension observed in the south-eastern
part of the Pannonian Basin, near the contact with the Carpathians units
(e.g., Erak et al., 2017). In the Dinarides, the amounts of extension
observed decreased after 15 Ma (when deposition in smaller basins like
Sinj or Gacko terminated) and was still active until 14 Ma in the Sar-
ajevo-Zenica Basin and until 13Ma in the Livno and Tomislavgrad
basins (Figs. 2 and 3a, de Leeuw et al., 2011; de Leeuw et al., 2010;
Mandic et al., 2011; Sant et al., 2018). Extension peaked at ~15-14 Ma
in the neighbouring Pannonian Basin over a 15 Ma transition from al-
luvial and lacustrine to marine deposition, while gradually expanding
southwards until 12.8 Ma (Mandic et al., 2019a; Mandic et al., 2019b;
Paveli¢ and Kovaci¢, 2018). Interrupted by a short contractional event
at the transition between middle and late Miocene, the back-arc ex-
tension continued in the southern Pannonian Basin during the late
Miocene until ~8 Ma, when the Carpathians subduction zone was
locked and the associated thin-skinned shortening ceased (Balézs et al.,
2016; Matenco et al., 2016; Matenco and Radivojevié, 2012).

2.2. N- to NE-ward Adriatic indentation in the Dinarides and neighbouring
areas

The onset of the N-ward motion and indentation of the Adriatic unit
was recorded in the Southern Alps starting with the latest Oligocene —
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early Miocene, and was associated with a lateral extrusion of the
Eastern Alps into the Pannonian Basin starting at ~20 Ma that is still
presently observed at a convergence rate of ~2-5mm/yr (Grenerczy
et al., 2005; Handy et al., 2010; Horvéth et al., 2015; Ratschbacher
et al., 1991). Strike-slip and contractional deformation is observed
north and south of the right-lateral Peri-Adriatic Lineament, with larger
amounts of upper crustal exhumation northwards (Fig. 1, Handy et al.,
2014; Heberer et al., 2017; Tomljenovic et al., 2008).

In the external Dinarides, the NNW-SSE oriented Split-Karlovac
Fault (Figs. 1 and 2) is thought to be one of the major structures formed
during the Adriatic indentation (e.g., Ustaszewski et al., 2008), al-
though no kinematic or timing data were so far provided. GPS studies
show a 4-5mm/yr N- to NE- ward present-day movement of the Di-
narides with respect to a stable European framework (Grenerczy et al.,
2005; Pinter et al., 2005). Furthermore, moderate to strong earthquakes
are distributed along many fault systems in the Dinarides (e.g., Herak
et al., 2009; Ustaszewski et al., 2014), although the kinematics of these
faults is largely unknown. The overall Adriatic indentation is thought to
have been associated with its counter-clockwise rotation and (con-
tinental) subduction, indicated from a high-velocity anomaly observed
during geophysical studies beneath the Dinarides (Bennett et al., 2008;
Sumanovac and Dudjak, 2016; Sumanovac et al., 2017). Although

debated, some of these studies have inferred that the subducting slab in
the SE part of the Dinarides reaches depths of up to 450 km, while re-
maining at shallower levels NW-wards (Sumanovac et al., 2017).
Although reconstructions generally assume that indentation asso-
ciated with subduction started in the Dinarides at the same ~20 Ma
times as in the Alps (Le Breton et al., 2017), observations indicate
different onset ages. Obviously, one cannot define an indentation me-
chanism in areas of the Dinarides and at times where the above de-
scribed Miocene extension was observed. In more details, the age of the
youngest E-W to NE-SW oriented Dinarides thrusts, folds and strike-slip
faults located near the contact with or inside the Pannonian Basin is
generally thought to post-date either the middle Miocene or the entire
Miocene in the centre and north-west (e.g., Fodor et al., 2005;
Tomljenovi¢ and Csontos, 2001; Tomljenovic et al., 2008; Ustaszewski
et al., 2014), or started at around 8.8-8.0 Ma in the south-east (Matenco
and Radivojevi¢, 2012; Tolji¢ et al., 2013). Sedimentation continued in
some intramontane basins of the Dinarides Lake System during the late
Miocene. In the Sarajevo-Zenica Basin (Fig. 2), normal faults were in-
verted by thrusting during a deformation event that was coeval and
post-dated the deposition of a 700 m thick coarsening upwards suc-
cession (the Orlac conglomerates, see discussion in Andric et al., 2017).
Palynological data from the intercalated coal seams provide a good
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stratigraphic correlation with the 8.8-5.4 Ma age of similar deposits
found in the southern part of the Pannonian Basin (Magyar and Geary,
2012; Pantic¢ et al., 1966). The Livno and Tomislavgrad Basin (Fig. 2)
recorded two late Miocene sedimentation cycles divided by an un-
conformity, which are correlated with the Pannonian Basin stratigraphy
at 11.6-8.8 Ma and 8.8-4.5 Ma (Magyar and Geary, 2012; Milojevic and
Sunaric, 1962; Milojevié and Sunarié, 1964; Panti¢ and Beslagi¢, 1964).
The first cycle follows the outline of the two basins, while the second
one shows a splitting of depocenters that can be interpreted to be syn-
kinematic with respect to contraction and transpression (de Leeuw
et al., 2011; van Unen et al., 2019). The cessation of Dinarides lacus-
trine deposition occurred ~ 5Ma, which correlates with a regional
unconformity observed in the southern Pannonian Basin (Paveli¢ and
Kovacié, 2018; Ustaszewski et al., 2014). All these observations and
interpretations suggest that the regional onset of contraction/trans-
pression in the Dinarides and the tectonic inversion in the southern
Pannonian Basin started somewhere ~ 8.8-8.0 Ma. We will further
refer to this overall deformation event as the post- 9 Ma Adriatic in-
dentation in the Dinarides.

3. Methodology and approach

We have performed a kinematic study in the Pre-Karst, High Karst,
Budva and Dalmatian units located in the external part of the Dinarides
in an area ~450km along and 80-150km across the strike of the
orogen (Figs. 2-10). This area benefits from the full coverage of
1:100.000 scale geological maps (OGK Former Yugoslavia), where
faults geometry and timing of Triassic — Paleogene deformation was
extensively describes from associated stratigraphic juxtapositions (e.g.,
Dimitrijevi¢, 1997; Schmid et al., 2008 and references therein). In
contrast, only few kinematic studies describing the post-Paleogene de-
formation at local scale were previously performed (Sarajevo — Zenica
Basin, Fig. 2, and the structural transects in Fig. 3a, b, Andri¢ et al.,
2017; van Unen et al., 2019).

Obviously, a detailed kinematic analysis characterizing the entire
deformation history of such a large area cannot be obtained in one
study. Therefore, we have specifically focused our study to understand
the post- Paleogene kinematic history by using the deformation
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observed in the lower — middle Miocene sediments of the Dinarides
Lake System as a key timing indicator to discriminate the latest de-
formation events from pre-dating tectonic episodes. We started from
analysing the geological maps and major structures inferred by previous
studies to define a preliminary regional pattern of faults affecting the
entire external Dinarides. The field study focused initially on mapping
the kinematics of structures affecting the Miocene basins. We continued
the field study in the prolongation of these structures along their strike
outside the basins, where they truncate in map view the inherited pre-
Miocene nappe structure, by mapping their kinematics and super-
position criteria with older deformation events, derived from cross-
cutting or re-activation relationships. These pre-Miocene deformation
events are known to a large extent from previous regional, structural
and kinematic studies (Andri¢ et al., 2017; Dimitrijevi¢, 1997; Schmid
et al., 2008; Ustaszewski et al., 2010), including in the study area
(Fig. 3a, b, van Unen et al., 2019). Particularly relevant is the NE-SW
orientation of the Late-Cretaceous — Paleogene shortening defined by all
these studies, which corresponds to the general NW-SE orogenic strike
(Fig. 2). We have used this knowledge to discriminate the pre-Miocene
kinematics from the significantly different character of the subsequent
deformation. This discriminations becomes important in areas outside
the Miocene basins, such as the SE-most area of Montenegro (Fig. 8),
where Miocene sediments are often missing or their stratigraphic age is
uncertain onshore (see discussion in Mikes et al., 2008). In this area we
mapped in the onshore the youngest kinematic event observed by su-
perposition criteria starting from the previously published deformation
history of van Unen et al. (2019), correlated with available deformation
observed by the interpretation of seismic lines in the offshore (Figs. 2
and 3b, Bega, 2015; van Unen, 2019).

We furthermore focused the kinematic study to characterize the
kinematics of faults that display large offsets in map view (Figs. 2, 5, 7
and 9). These faults were initially identified to have large stratigraphic
offset (vertical and/or horizontal) in the high-quality maps available
and were confirmed or re-interpreted subsequently by field observa-
tions to be associated with large displacements (from hundreds of
metres to 25km) along faults or shear zones. We have taken most
measurements in such major shear zones, generally characterized by
the development of wide fault gouge foliations or high density faults

N Fig. 5. Structural map and kinematic data for the
area of Split-Karlovac and connecting fault system.
Note that only structures active in the post- 9 Ma
phase of deformation are displayed in the entire map
and plotted on stereonets (Schmidt projection, lower
hemisphere), together with the early-middle
Miocene normal faults displayed in the area of the
Miocene basins. In stereonets, lines with arrow
symbols are projections of fault planes with kine-
matic sense of shear, while thick black dots are
projections of fold hinges. a) Geological map with
structures active during the post- 9 Ma phase of de-
formation. b1-4 are individual branches of the fault
system. SKF = Split-Karlovac Fault (branch b1 of the
fault system). Same conventions and legend as in
Fig. 2. Location of the map is displayed in Fig. 2. b)
Stereoplot showing NW-SE to NNW-SSE oriented
dextral and their conjugate NNE-SSW to ENE-WSW
oriented sinistral strike-slip faults. The calculated
average paleostress solution shows N-S oriented
compression and E-W oriented tension; c) Stereoplot
showing WNW-ESE oriented dextral and NNW-SSE
oriented sinistral strike-slip faults. The calculated
average paleostress solution shows NW-SE oriented
compression and NE-SW oriented tension; d) Ste-
reoplot showing reverse faults and two sub-hor-
izontal fold hinges, the calculated average paleos-
tress solution shows N-S to NNE-SSW oriented
compression.
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Fig. 6. Interpreted field photos illustrating structures
and their kinematics in the area of the Split-Karlovac
and connecting fault system (locations in Fig. 5a).
Red lines: early-middle Miocene faults, black lines:
post- 9 Ma faults, blue lines: bedding. a) One NW-SE
oriented dextral strike-slip shear zone cross-cutting
(E)NE-dipping normal faults in Jurassic limestones
along the NE flank of the Bihac Basin; b) One large
offset NW-SE oriented dextral strike-slip fault trun-
cating Cretaceous limestone deposits along the Split-
Karlovac Fault; ¢) One small-offset S-vergent reverse
fault cross-cuts a NE-dipping normal fault, adjacent
to a N-S oriented dextral strike-slip fault gauge zone
with Riedel shears in lower Miocene lacustrine se-
diments of the Sinj Basin; d) One high-angle SW-
vergent reverse-sinistral fault in Cretaceous lime-
stones located in the footwall of a large-offset high-
angle reverse fault; e) One NNW-SSE oriented dextral
strike-slip fault cross-cuts a low-angle SSW-vergent
reverse fault and drag folding in Jurassic limestones
situated along the SW flank of the Drvar Basin. The
upper right inset shows slickensides along the strike-
slip fault plane; f) Large-offset NW-SE oriented
dextral strike-slip shear zone truncating Miocene
sediments and Cretaceous limestones in the SE part
of the Livno Basin; g) One system of NW-dipping
normal faults located in the Livno Basin; h) One
NNE-SSW oriented normal fault associated with syn-
depositional middle Miocene sedimentation in the
Konjic Basin. The syn-kinematic wedge is filled with
coarse conglomerates. (For interpretation of the re-
ferences to colour in this figure legend, the reader is
referred to the web version of this article.)

having the same kinematics in a narrow deformation zone. When
multiple kinematics was observed in a fault or shear zone, the last ki-
nematic sense of shear derived by superposition criteria was considered
for the subsequent analysis, while older ones were compared with the
kinematic history known from previous studies. Field measurements
included brittle structures, such as faults with their kinematic sense of
shear derived from slickensides, Riedels, or drag-folds, other types of
folds, shear foliations and shear-bands. The regional mapping and ki-
nematic observations have allowed the definition of a regional post-
middle Miocene fault system that inverted the Miocene basins across
the entire studied area (black faults in Figs. 2, 5, 7 and 9). In order to
illustrate overprinting relationships and truncations, we also plotted
Cretaceous-Paleogene faults and major units contacts defined by stra-
tigraphic juxtaposition in the previous studies mentioned above. Al-
though we have observed and described numerous partly syn-deposi-
tional normal faults in or outside the Miocene basins, their lower offset
and subsequent truncations do not allow the definition of a fault system
that can be regionally connected in our study. As a consequence, we can
regionally interpret these faults only in the area of the Miocene basins.
Furthermore, all measured normal faults indicate the same bi-modal
NE-SW to NW-SE extension directions with major faults oriented NW-
SE, as observed by previous studies (Fig. 2, Andri¢ et al., 2017; van
Unen et al., 2019). Therefore, we focussed our regional interpretation

to describe only the geometry and kinematics of the post- 9 Ma de-
formation event.

Our specific strain-based approach over the large study area and the
observed deformation patterns are not suitable to invert the kinematic
data to obtain well-constrained paleostress directions. This methodo-
logical limitation comes first from the fact that measurements in large
offset fault zones are far from the Wallace-Bott criteria. Furthermore,
rocks affected by deformation are highly anisotropic, such as often
contacts between turbidites and limestones (re-)activated by faulting,
and the measured large offset faults have a highly curved geometry
where the observed kinematics suggests vertical axis rotations. Often
reactivations and partitioning of deformation in large drag folds, re-
straining strike-slip bends, step-overs, wedge and tear faulting require a
high-resolution data set that is beyond the regional scope of our study.
Such limitations of the paleostress methodology are otherwise well-
known (e.g., Célérier et al., 2012; De Vicente et al., 2009; Hippolyte
et al., 2012; Jones and Tanner, 1995; Orife and Lisle, 2003; Sperner and
Zweigel, 2010). While there is no standard paleostress methodology in
such large offset faults mapping situations, we use our post- 9 Ma fault
slip observations to derive average paleostress solutions at the scale of
our focus areas that are consistent with the observed strain pattern
(Simén, 2019). These solutions are not different tectonic events, as all
are faults constrained by the same post- 9 Ma timing constraints. Such
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solutions have been proved to be effective to derive tectonic significant
constraints for deformation in places where complex strain and stress
partitioning is observed (e.g., Matenco et al., 2007; van Gelder et al.,
2015 among others). The paleostress solutions were obtained by a di-
rect inversion method (Angelier, 1979; Angelier, 1984; Delvaux and
Sperner, 2003), accounting for confidence criteria (Sperner and
Zweigel, 2010) and allowing a slip tolerance of + 26° (Lisle, 2013). We
use these paleostress solutions (Figs. 5, 7 and 9b-d) mainly for a
comparison with the present-day stress distribution, a procedure that
allows the projection of the tectonic regime back in time (e.g.,
Lacombe, 2012). Displacements along the observed faults are used as
independent constraints to correlate with the calculated average pa-
leostress solutions, which interpreted to be part of the material response
to imposed boundary conditions (Fig. 12a, b, Tikoff and Wojtal, 1999).
The kinematic data are correlated with previous studies on GPS mo-
tions, seismicity and available focal mechanisms, crustal geophysics
and regional geodynamic constraints in the Dinarides and at the larger-
scale of the Adriatic continental micro-plate. We specifically use in
interpretation a differentiation between strain (contraction-extension)
and stress (compression-tension) nomenclatures.

We have calculated the total amount of deformation observed in the
studied area by combining measurements of strike-slip offsets with a
cross-section restoration. Strike-slip offsets were estimated using stra-
tigraphic markers and the average pitch of the kinematic sense of shear
along each individual faults. Understanding the geometry of deforma-
tion is aided by two kinematically-controlled cross-sections, whose
trace was specifically chosen to avoid large out-of-plane strike-slip
offsets and are parallel with average transport directions (Fig. 3a, b, van
Unen, 2019). These two cross-sections are using the same surface ki-
nematic and stratigraphic constraints and the same depth projection
constraints in the onshore as described by van Unen et al. (2019).
However, the sections were re-interpreted at depth by assuming a
modified Moho geometry taken from the gravity inversion of
Sumanovac (2010). The sections were prolonged in the Montenegro
offshore by seismic interpretation (Fig. 3b) and by a less-constrained
geological interpretation in the Croatian offshore (Fig. 3a), by ac-
counting for the deformation observed along the ~ E-W oriented
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Fig. 7. Structural map and kinematic data for the
Bosnian Flysch and connecting fault system. Note
that only structures active in the post- 9 Ma phase of
deformation are displayed in the entire map and
plotted on stereonets (Schmidt projection, lower
hemisphere), together with the early-middle
Miocene normal faults displayed in the area of the
Miocene basins. In stereonets, lines with arrow
symbols are projections of fault planes with kine-
matic sense of shear, while thick black dots are
projections of fold hinges. MBSM = Mid-Bosnian
Schist Mountains, SZB = Sarajevo-Zenica Basin. a)
Geological map with structures active during the
post- 9 Ma phase of deformation. Same conventions
and legend as in Fig. 2. Location of the map is dis-
played in Fig. 2. t1 and bl are the thrust and back-
thrust discussed in the text and displayed also in
Fig. 3a. b) Stereoplot showing NW-SE to N-S oriented
dextral and their conjugate NNE-SSW to ENE-WSW
oriented sinistral strike-slip faults. The calculated
average paleostress solution shows NNE-SSW or-
iented compression and ESE-WNW oriented tension;
c) Stereoplot showing WNW-ESE oriented dextral
and NNW-SSE oriented sinistral strike-slip faults.
The calculated average paleostress solution shows
NW-SE oriented compression and NE-SW oriented
tension; d) Stereoplot showing reverse faults with S-
and N- sense of shear, and ~E-W oriented fold
hinges. The calculated average paleostress solution
shows NNE-SSW oriented compression.

Middle Adriatic Ridge (Fig. 1, e.g., Scisciani and Calamita, 2009).
Further details on the construction of these sections and alternative
interpretations are available elsewhere (Bega, 2015; van Unen et al.,
2019; van Unen et al., 2019). A first estimate of the amount of de-
formation observed in these cross-sections was obtained by measuring
offsets and by simple flexural-slip unfolding the stratigraphy. Another
estimate is available from a restoration of the previously interpreted
onshore part of the Montenegro transect in Fig. 3b (van Unen et al.,
2019). However, given also the re-interpretation of the cross-section, a
new, better constrained restoration was performed at higher resolution
on the external part of the Dinarides. The Montenegro transect (Fig. 3b)
was quantitatively restored by using the KronosFlow™ software (IFPEN
and  BeicipFranlab, http://www.beicip.com/2d-kinematics-basin-
modeling, Fig. 11), which allows preserving the lithostratigraphic
character of each horizon and subdivision of cross-sections into dif-
ferent blocks with their own specific grid and dimensions. Faults are
restored by using a moving least square method, which makes a global
approximation of all available (unorganized) data points of the two
sliding surfaces (both faults or horizons) and restores towards the re-
gion around the point for the best-fit reconstruction (Lancaster and
Salkauskas, 1981). A flexural slip geometry method was used to restore
extensional geometries, which unfolds objects around a straight line
(e.g. fault) and preserves area, volume and line length (Dahlstrom,
1969). The restoration accounts for decompaction calculated between
two deformation phases to adjust with sediment unloading (i.e. back-
stripping) by using standard porosity relationships for the lithological
distribution in each tectonic unit (Fig. 4). Timing indicators, strati-
graphic markers and their unfolding geometry were used, where
available, to step-wide restore the section during each deformation step
back in time until the Late Cretaceous.

4. Kinematic data along the Dinarides strike

The observed post-Paleogene structures are either normal faults that
formed during the onset of the early-middle Miocene basin sedi-
mentation or a combination between strike-slip connected with high
angle reverse faults or thrusts that post-date (truncate) Miocene
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sediments. These strike-slip and contractional structures are connected
by forming an anastomosing system of faults that truncate most of the
studied Dinarides area from the NW to the SE (Fig. 2). These structures
may be grouped in three main areas based on the amplitude and
character of deformation, i.e. the Split-Karlovac faults system, the
Bosnian Flysch and connecting faults system, and the Budva unit and
connecting faults system (Figs. 5, 7 and 9, respectively).

4.1. The Split-Karlovac faults system

In the NW part of our studied area, the Split-Karlovac faults system
is composed of one main fault zone in the NW that gradually branches
off SE-wards in four main dextral strike-slip faults (Fig. 5a). In outcrops,
often larger offset WNW-ESE to N-S oriented dextral strike-slip faults
are associated with smaller offset NNW-SSE to NE-SW oriented con-
jugate sinistral faults. In map scale, the large-offset dextral faults
change their strike and connect to thrusts or high-angle reverse faults
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Fig. 8. Interpreted field photos illustrating structures
and their kinematics in the area of the Bosnian
Flysch and connecting fault system (locations in
Fig. 7a). Red lines: early-middle Miocene faults,
black lines: post- 9 Ma faults, blue lines: bedding. a)
One NNE-SSW oriented sinistral strike-slip shear
zone adjacent to NE-dipping normal faults truncating
uppermost Cretaceous turbidites of the Ugar Flysch
along the NE flank of the Cazin Basin; b) One large-
offset (~15m) NE-dipping normal fault truncating
the Miocene sediments of the Kamengrad Basin; c)
One NW-SE oriented dextral strike-slip fault trun-
cating Cretaceous limestones, part of a larger system
of similarly oriented dextral strike-slip faults that
offsets with ~10km the Jajce from Mrkonjic Grad
basins; d) One S-vergent reverse shear-zone trun-
cating Cretaceous limestones located south of the
Jajce Basin. The bottom right inset shows brittle
shear-bands and Riedel shears formed in the fault
gouge foliation and drag-folding in the footwall; e)
One S-vergent reverse shear-zone associated with
brittle shear-bands and asymmetric folds with a
WNW oriented hinge located in the Upper Jurassic
turbidites of the Vranduk Flysch; f) One S-vergent
reverse fault associated with drag folds with an E-W
oriented hinge, located in the Upper Jurassic — low-
ermost Cretaceous ophiolitic mélange; g) One
NNW-SSE oriented dextral strike-slip shear zone
with kilometres-size offset truncating the uppermost
Cretaceous turbidites of the Ugar Flysch. The bottom
right inset shows thick slickensides inside the ~2m
thick fault gouge foliation; h) Transpressional flower
structure made up of WNW-ESE oriented dextral
strike-slip faults truncating the uppermost Cretac-
eous turbidites of the Ugar Flysch; i) High-angle SW-
vergent reverse fault associated with drag folding
truncating the lower — middle Miocene sediments of
the Konjic Basin; j) WNW-ESE oriented dextral
strike-slip fault cross-cutting a NW-dipping normal
fault truncating Jurassic limestones at the contact
with the Miocene sediments of the Gatsko Basin. The
bottom right inset shows the dip slip slickensides of
the normal fault. (For interpretation of the references
to colour in this figure legend, the reader is referred
to the web version of this article.)

(Fig. 5a). This is observed in outcrops by numerous WNW-ESE to WSW-
ENE oriented large offset thrusts and high-angle reverse faults asso-
ciated with few similarly oriented (drag-) folds. All these faults trun-
cate, reactivate or fold the lower-middle Miocene sediments and the
pre-Miocene nappe structure (Fig. 5a). The large-offsets strike-slip
faults and reverse faults can be often observed at the present-day basin
margins (Fig. 5a), which suggests transpressive movements associated
with uplift and exhumation.

In the NW part of the studied area, near the Cazin and Bihac basins,
the Split-Karlovac deformation is focused on one main NNW-SSE or-
iented fault that is located at the western margin of the former and the
eastern margin of the latter (Fig. 5a). In outcrops, NNW-SSE oriented
dextral shear zones cross-cut inherited and similarly oriented normal
faults that are observed, for instance in the Upper Jurassic limestones at
the eastern margin of the Bihac Basin (Fig. 6a). The lower-middle
Miocene sediments are truncated by similarly oriented normal faults
that are tilted together with the bedding near the margins affected by



M. van Unen, et al.

Faults
—A—Reverse

> Dextral strike-slip

—=— Sinistral strike-slip

faulting. However, the Split-Karlovac Fault itself (fault bl in Fig. 5a)
and its vicinity is affected by significant diapirism of the Permo-Triassic
salt and other evaporites (éuénjara et al., 1992; Tisljar, 1992), which
makes a clear discrimination of tectonic deformation rather difficult.
This is rather obvious by the uplift of diapirs along the fault in its
central part and in the Sinj Basin, east of the junction between two
major branches of the system (Fig. 5a, see also de Leeuw et al., 2010).

From the north-west to the south and south-east, the strike-slip
deformation is gradually being distributed along a wide area where the
previously mapped Split-Karlovac Fault is the westward branch of our
post- middle Miocene fault system (fault bl in Fig. 5a). Along this fault
trace, often dextral transpressive truncations and drag-folding of the
steeply dipping (50-60°) Upper Eocene - Oligocene Promina beds is
observed (Fig. 6b). In the same area, deformation is also associated with
smaller-offset NE-SW oriented sinistral strike-slip faults and shear zones
with foliated fault gouges that reach kilometres offsets (NE of point 6b
in Fig. 5a). More to the SE, the Split-Karlovac Fault changes strike and
become a high-angle reverse fault, where the Triassic clastics and
limestones in the hanging-wall are thrusted over gradually tilted Pro-
mina and lower Miocene sediments of the Sinj Basin (SE termination of
fault bl in Fig. 5a).

To the NE, the second branch of the Split-Karlovac faults system
(fault b2 in Fig. 5a) offsets the Promina beds and the Miocene sediments
of the Sinj Basin near its SE-ward termination. This deformation is
visible in the basin, for instance by centimetres to metres scale ENE-
WSW oriented thrusts and N-S oriented strike-slip faults and shear
zones that truncate centimetres- to metres-scale offsets normal faults
(Fig. 6¢). Truncation of stratigraphic markers shows that the offset of
this second dextral strike-slip branch is in the order of a few kilometres
in the north and increases to 10-15 km in the Sinj Basin (Fig. 5a). At its
SE termination, the dextral strike-slip branch changes its strike and
connects with a reverse fault. The offset of this reverse fault gradually
decreases eastwards as observed by the stratigraphic duplication of
Jurassic — Cretaceous limestones in its hanging-wall emplaced over
Cretaceous — Oligocene limestones and clastics (including Promina
beds) of the footwall (Fig. 5a). In outcrops, reverse faults often show a
strike-slip component that changes from dextral in the west to sinistral
in the east (Fig. 6d).

One other branch of the Split-Karlovac faults system (fault b4 in
Fig. 5a) crosses the SW margin of the Drvar Basin and Glamoc Basin. In
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Fig. 9. Structural map and kinematic data for the
Budva zone and connecting fault system. Note that
only structures active in the post- 9 Ma phase of de-
formation are displayed in the entire map and
plotted on stereonets (Schmidt projection, lower
hemisphere), together with the early-middle
Miocene normal faults displayed in the area of the
Miocene basins. In stereonets, lines with arrow
symbols are projections of fault planes with kine-
matic sense of shear, while thick black dots are
projections of fold hinges. a) Geological map with
structures active during the post- 9 Ma phase of de-
formation. Same conventions and legend as in Fig. 2.
Location of the map is displayed in Fig. 2; b) Ste-
reoplot showing NW-SE to N-S oriented dextral and
their conjugate NNE-SSW to ENE-WSW oriented si-
nistral strike-slip faults. The calculated average pa-
leostress solution shows NNE-SSW oriented com-
pression and ESE-WNW oriented tension; c)
Stereoplot showing WSW-ENE to WNW-ESE oriented
dextral and NNW-SSE to N-S oriented sinistral strike-
slip faults. The calculated average paleostress solu-
tion shows NW-SE oriented compression and NE-SW
oriented tension; d) Stereoplot showing reverse
faults with N and S sense of shear and ~E-W oriented
fold hinges. The calculated average paleostress so-
lution shows NNE-SSW oriented compression.

O Points of measurements

more details, NNW-SSE oriented dextral strike-slip faults changes their
strike to or truncate ~S-vergent fault-bend folds affecting the Lower
Cretaceous sediments and offsets Cretaceous limestones that border the
western margin of the Drvar Basin (Fig. 6e). This dextral deformation
also cross-cuts normal faults observed at the SW margin of the Glamoc
Basin. To the SE, the third and fourth branches of the Split-Karlovac
system (faults b3 and b4, Fig. 5a) truncate the SE part of the Livno
Basin, where they form a large transpressive structure that splays and
transfer offsets between dextral strike-slip to high angle reverse faults
and transpressive structures. In this area, a 7-10m thick shear zone
made up by a foliated fault gouge can be observed, which has a clear
NW-SE oriented dextral strike-slip character (Fig. 6f). The foliation is
made up of fault gouge material that contains remnants of sheared
Cretaceous limestones and Miocene lacustrine marls. This shearing also
truncates the system of domino-tilted normal faults observed in the
Miocene sediments of the same basin (Fig. 6g), while forming large
drag-folds by tilting these strata to sub-vertical positions. The de-
formation associated with the overall NNW-SSE oriented transpressive
structures at the SE margins of the Livno and Tomislavgrad basins are
connected by an E-W oriented system of reverse faults associated with
large drag-folding of the Cretaceous — Oligocene carbonates and clastic
sediments in their footwalls (Fig. 5a). In fact, it is likely that Livno and
Tomislavgrad formed as one basin during the Miocene extension and
were separated by a subsequent uplift associated with this connected
transpressive-reverse faults system (see also de Leeuw et al., 2011).
Further to the SE (Fig. 5a), the dextral fault at the eastern margin of the
Tomislavgrad Basin changes again its strike and is connected to a
system of N- and S- vergent high angle reverse faults that are further-
more connected with the large offset fault system of the Neretva Valley
described below.

The paleostress analysis of all post- 9 Ma kinematics of faults mea-
sured in the field has resulted in three average solutions. Strike-slip
kinematics measured along NW-SE oriented dextral and NNE-SSW si-
nistral fault segments define a strike-slip stress field with a N-S oriented
compression (Fig. 5b). Strike-slip kinematics measured along WNW-ESE
oriented dextral and NNW-SSE sinistral fault segments define a strike-
slip stress field with a NW-SE oriented compression direction (Fig. 5c).
Fault kinematics measured along WNW-ESE to W-E oriented reverse
faults define a N-S to NNE-SSW oriented compressional stress field
(Fig. 5d).
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4.2. The Bosnian Flysch and connecting faults system

The second group of large-offset faults cross-cutting Miocene basins
and the pre-Miocene orogenic structure are observed along a wide zone
combining the southern margin of the East Bosnian — Durmitor unit, the
Bosnian Flysch and the southern margin of the Mid-Bosnian Schist
Mountains, where large-offset dextral faults change their strike and
connect again to thrusts or high-angle reverse faults (Fig. 7a). The re-
verse faults can often be associated with drag and upright folds with
~E-W to WNW-ESE oriented hinges. All these structures deform or
truncate the lower-middle Miocene sediments and the genetically as-
sociated normal faults in the Kamengrad, Jajce, Mrkonjic Grad, Sar-
ajevo-Zenica and Konjic basins and the pre-Miocene nappe structure
located along their flanks (Figs. 3a and 7a). Wide shear zones or areas
with high-density faults with similar kinematics are generally dextral
transpressive or high-angle reverse verging southwards, which suggests
significant exhumation of the basins and their flanks (Figs. 3a and 7a).

In the NW, normal faults are often cross-cut or observed in the vi-
cinity of strike-slip faults (Fig. 8a). Normal faults with similar
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Fig. 10. Interpreted field photos illustrating struc-
tures and their kinematics in the area of the Budva
unit and connecting fault system (locations in
Fig. 9a). Red lines: early-middle Miocene faults,
black lines: post- 9 Ma faults, blue lines: bedding. a)
One NNW-SSE oriented dextral strike-slip fault and
one high-angle S-vergent reverse fault truncating
Cretaceous limestones, part of a larger shear zone
made up by NNW-SSE oriented dextral strike-slip
faults separating the Budva from Dalmatian units; b)
One NW-SE oriented dextral strike-slip faults cross-
cutting an ESE-dipping normal fault in Triassic car-
bonates of the High Karst unit. ¢c) One large offset
NNE-SSW oriented sinistral strike-slip fault trun-
cating Cretaceous limestones of the High-Karst unit;
d) One S-vergent reverse fault associated with drag
folding deforming Eocene turbidites of the Budva
unit; e) Large-scale overview of the Kotor Bay illus-
trating the transfer from dextral strike-slip faulting in
the NNW- to S-ward thrusting to the SSE; f) Typical
cross-cutting relationship between the two thrusting
events observed in the Budva unit. Cataclastic shear
bands with top SW sense of shear are cross-cut by
more brittle shear with top-S sense of shear. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)

orientations are furthermore observed in the lower part of the lower-
middle Miocene sediments of the Kamengrad Basin (Fig. 8b), which are
covered or absent in the upper basin stratigraphy.

A NNW-SSE oriented dextral strike-slip shear zone offsets the
Miocene basin fills of the Mrkonjic Grad and Jajce Basins (Fig. 7a). This
shear zone is visible in both the Miocene sediments and the Lower
Cretaceous limestones situated along their flank, where it forms a dense
network of large fault planes with clear slickensides (Fig. 8c) or shear
zones with fault gouge foliations. To the SE, this fault zone changes
gradually its strike to NW-SE and WNW-ESE, and is connected with an
E-W oriented shear zone with reverse, sometimes oblique offset and S-
ward vergence. In outcrops, this shear zone is observed as an up to 4 m
thick foliated fault gouge that contains numerous brittle S—C and C-C’
shear-bands or Riedel structures (Fig. 8d). This shear zone drags and
folds the strata or other foliated fault-gouge material in its footwall.

The Bosnian Flysch zone flanking the Sarajevo-Zenica Basin
(Fig. 7a) retains a large amount of deformation that recorded both the
pre-Miocene orogenic evolution, the Miocene extension and the sub-
sequent shortening affecting the basin and its flanks (see also van Unen
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et al., 2019). The latter structures are made up by metres-thick dextral
strike-slip shear zones, high-angle reverse faults and thrusts with top-S
sense of shear, layer parallel shearing and E-W oriented folds. For in-
stance, often layer-parallel top-S shearing affects the finer members of
the turbidite beds, observed by brittle shear bands and asymmetric folds
(Fig. 3a and 8e). The contact zone between the East — Bosnian Durmitor
and Bosnian Flysch units is often re-activated with a top-S sense of
shear along high-angle reverse faults associated with metres scale drag-
folds (Fig. 8f).

At the eastern margin of the Sarajevo-Zenica Basin, a NNW-SSE to
N-S oriented dextral strike-slip shear zone, made up by several bran-
ches, cross-cuts both the Miocene basin sediments and the adjacent
uppermost Cretaceous turbidites (Fig. 8g). These branches are often
observed by metres-thick foliated fault gouges with clear slickensides,
associated with brittle shear bands and Riedel shears. South of the
Sarajevo-Zenica Basin, the eastern termination of the East Bosnian —
Durmitor unit is most likely a large offset dextral fault that gradually
changes strike and connects to an E-W oriented high-angle reverse fault
(Fig. 7a). The gradual change is characterized by the formation of NW-
SE to WNW-ESE oriented dextral transpressive and positive flower
structures, observed in the uppermost Cretaceous calci-turbidites of the
Bosnian Flysch (Fig. 8h).

South of the Mid-Bosnian Schists Mountains, one other transpres-
sional strike-slip system can be observed in the southern part of the
Bugojno Basin, that more to the south cross-cuts and offsets dextrally
the Konjic Basin to the ESE from the Prozor Basin to the WNW (Fig. 7a).
Large-offset (tens of metres) normal faults are often associated with syn-
depositional early-middle Miocene sedimentation. For instance, the
early-middle Miocene sediments of the Konjic Basin were deposited
during the formation of numerous up to 30m offset normal faults,
which are often associated with the deposition of coarse conglomerates
in the syn-kinematic wedge (Fig. 6h). In this basin, normal faults and
Miocene sediments are truncated by 3 to 4 subsequent major dextral
shear zones associated with transpressional or high-angle reverse faults.
For example, a NW-SE oriented reverse shear zone crosscuts the centre
of the basin and is associated with drag folding and tens of metres
spaced fault branches (Fig. 8i), locally associated with metres-thick
fault gouge foliations. Further to the SE, the continuation of this fault
system is less clear in map view (Fig. 7a), but outcrops show numerous
strike-slip faults, either WNW-ESE to NNW-SSE dextral or NNW-SSE to
NNE-SSW sinistral that truncate often pre-existing normal faults. For
instance, the Jurassic limestones and clastic sediments located on the
SW flank of Gatsko Basin (Fig. 7a) show ENE-WSW oriented normal
faults that are truncated by WNW-ESE oriented dextral strike-slip faults
(Fig. 8j).

The paleostress analysis of all post- 9 Ma kinematics of faults mea-
sured in the field has resulted again in three average solutions. Strike-
slip kinematics measured along NW-SE to N-S oriented dextral and
roughly NE-SW sinistral fault segments define a strike-slip stress field
with a NNE-SSW oriented compression (Fig. 7b). Strike-slip kinematics
measured along WNW-ESE oriented dextral and NNW-SSE sinistral fault
segments define a strike-slip stress field with a NW-SE oriented com-
pression (Fig. 7c). Fault kinematics measured along WNW-ESE to WSW-
ENE thrusts and high-angle reverse faults define a roughly NNE-SSW
oriented compressional stress field (Fig. 7d).

4.3. The Budva unit and connecting faults system

Similar to the Bosnian Flysch zone, the Budva unit of Montenegro
was intensively deformed during both the pre-Miocene orogenic evo-
lution and the Neogene extension followed by shortening (van Unen
et al.,, 2019). The most recent episodes of deformation include nu-
merous normal faults observed in the Budva and neighbouring units
that truncate sediments as young as the Eocene-Oligocene and, there-
fore, are considered to be Miocene in age by correlation with the syn-
depositional normal faults found in the Dinarides Lake System basins.
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These normal faults are inverted or subsequently truncated by a com-
plex system of strike-slip, transpressional, high-angle reverse and thrust
faults. In outcrops, a dense network of WNW-ESE to N-S dextral strike-
slip faults is associated with less frequent NNW-SSE to ENE-WSW or-
iented sinistral strike-slip faults (Fig. 9b, c). However, differently from
previous areas, a significantly higher number of E-W to NW-SE oriented
thrusts and high-angle reverse faults have been measured in the Budva
unit, which are more numerous at or near southward thrusted (sub-)
units contacts and are often associated with drag and upright folds with
~E-W to WNW-ESE oriented hinges (Fig. 9d). In map scale, these
thrusts are connected with NNW-SSE oriented dextral strike-slip faults
(Fig. 9a).

NW of the Kotor Bay area, three dextral strike-slip faults (b1, b2 and
b3, respectively, in Fig. 9a) are connected with the frontal thrust over
the Dalmatian unit, while the latter fault (b3) makes the NW-ward
termination along strike of the Budva unit in Montenegro. Numerous
strike-slip faults have been observed in outcrops, typically by large fault
planes with thick slickensides affecting the Mesozoic limestones, locally
associated with top-S high-angle reverse faults (Fig. 10a). More to the
SE, another NNW-SSE oriented dextral shear zones and is connected
with the Budva thrusting along the eastern margins of the Kotor Bay
and Tivat lagoon (branch b5 in Fig. 9a). This shear zone is observed by
dextral zones of fault gauge foliations or dextral faults truncating earlier
normal faults (Fig. 10b) associated locally with NNE-SSW oriented si-
nistral strike-slip faults (Fig. 10c).

Our field data are similar with previous studies that indicate three
types of high-angle reverse and thrust faults observed in outcrops in the
external High Karst — Budva — Dalmatian areas (Fig. 9a, van Unen et al.,
2019). The NW-SE oriented High Karst over Budva and Budva over
Dalmatian units contacts formed initially during the top-SW Eocene-
Oligocene nappe stacking. These contacts as well as smaller-offsets
thrusts composing the Budva sub-units geometry have been reactivated
by a later deformation episode that created reverse faults with top-S
sense of shear (Fig. 9d). In the field, the latter set is observed truncating
the post-Eocene normal faults. Typical deformations in outcrops are
observed for instance by high-angle reverse faults truncating Middle
Triassic deep-water limestones or by reactivating the low-angle High
Karst — Budva contact observed by the oblique thrusting of Triassic
limestones over Eocene clastic turbidites (Fig. 10d). At major thrust
contacts, cataclastic shear zones are associated with a large number of
isoclinal-, upright-, drag- and asymmetric- folds with E-W to WNW-ESE
oriented hinges (Fig. 9d). The superposition between the initial Eocene-
Oligocene nappe stacking and the subsequent thrusting event can be
often observed in shear zones where top-SW cataclastic shear bands are
truncated by top-S brittle faults (Fig. 10f).

The two types of major structures, NW-SE to N-S oriented dextral
faults and top-S ESE-WNW to NW-SE oriented high-angle reverse faults
or thrusts gradually change their strike and connect with each other in
the footwall of the High-Karst thrusting (Fig. 9a). The connection is
done in such a way that the map-scale faults displace the High-Karst
unit, the Budva unit and locally the Eocene-Oligocene clastic sediments
of the Dalmatian located at the contact with the Budva unit. However,
these map-scale dextral strike-slip faults do not displace the Cretaceous
limestones of the Dalmatian unit. The connection between dextral
strike-slip and thrusts can be observed, for instance, in the Kotor Bay,
where a NNW-SSE oriented dextral strike-slip fault (b4 in Fig. 9a)
connects with the High-Karst thrust (Fig. 10e), while the similarly or-
iented, larger offset dextral strike-slip branch located a few kilometres
more to the east connects with the Budva thrust (b5 in Fig. 9a). At
regional scale, the amount of southward thrusting of the High Karst unit
increases towards the SE, as shown by the observed increase of internal
deformation in the Budva unit and by an increase in exhumation
leading to the gradual exposure of older (Triassic) rocks SE-wards in the
High Karst unit (Fig. 9a).

The paleostress analysis of all post- Paleogene strike-slip and reverse
faults kinematics measured in the field shows the same three average
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solutions as in the previous areas, but with differently distributed
number of faults. Strike-slip kinematics measured along NW-SE to N-S
oriented dextral and roughly NE-SW sinistral fault segments define a
strike-slip stress field with a NNE-SSW oriented compression (Fig. 9b).
Strike-slip kinematics measured along WNW-ESE oriented dextral and
NNW-SSE sinistral fault segments define a strike-slip stress field with a
NW-SE oriented compression (Fig. 9c). Fault kinematics measured
along the numerous WNW-ESE to WSW-ENE thrusts and high-angle
reverse faults define a roughly NNE-SSW oriented compressional stress
field (Fig. 9d).

4.4. Post- 9 Ma deformation estimates and a quantitative restoration of
deformation history

All these observations in the three main key areas show that the
post- 9 Ma faults form in map view a large anastomosing system that
spans from the Cazin Basin in the NW to the connection with the
Albanides in the SE (Figs. 1 and 2). These observations show that in all
map-scale situations WNW-ESE to N-S oriented dextral faults are con-
nected with E-W to WNW-ESE oriented reverse faults and thrusts. In
fact, these are two segments of the same curved fault that change ki-
nematics along these differently oriented segments, as shown by fol-
lowing the main shear zone kinematics. The dextral offset along these
faults can be calculated by using stratigraphic markers and the average
pitch of the measured shear-sense, while the reverse offset can be es-
timated in cross-sections or more precisely calculated in restorations.
Given the inherited tectonic history, such estimates have a higher re-
liability in places where Miocene sediments are present as stratigraphic
markers. Beyond simple estimates, a significant variability of offsets of
strike-slip or thrust faults is also observed along strike, as further ex-
plained.

Estimates show that large dextral faults have variable maximum
offsets between hundreds of metres and 25 km. For example, the offset
of individual branches of the Split-Karlovac faults and the fault at the
eastern margin of the Tomislavgrad basin system measured in their
southern part in Miocene or Eocene-Oligocene stratigraphic markers is
in the order of 10-15 km, while close to their northern termination the
offset decreases to hundreds of metres to kilometres at the level of
Triassic markers (Fig. 5a). A NNW-SSE oriented dextral strike-slip shear
zone offsets with 10 km the lower stratigraphic infill of the Mrkonjic
Grad Basin and Jajce Basin (Fig. 7a). A NNW-SSE oriented dextral
strike-slip fault offsets the Miocene fill of the Kamengrad Basin with
around 7 km (Fig. 7a). The total cumulated offset of the dextral system
that displaces the lower stratigraphic infill of the Miocene Konjic Basin
is in the order of 10-15km (Fig. 7a). A thrust-backthrust system in the
Neretva Valley (t1 and b1 in Figs. 3a and 7a) is displaced by a dextral
system with 25 km at the level of Triassic markers. The total offset re-
corded by the dextral strike-slip system located at the eastern termi-
nation of the Sarajevo-Zenica Basin is rather difficult to calculate, but
by accounting for the change in strike of the Bosnian Flysch and
overlying East Bosnian — Durmitor unit (Figs. 1 and 7a, the Sarajevo
“sigmoid” of Dimitrijevi¢, 1997) this offset should be in the order of
15-20km. In the Budva zone dextral faults gradually increase their
offset from a few kilometres in the NW to more than 10 km in the SE
(Fig. 9a, b). The three large scale dextral strike-slip faults located NW of
the Kotor Bay area have map offsets in the order of 3, 5 and 7 km by
using Eocene-Oligocene markers (bl, b2 and b3, respectively, in
Fig. 9a). More to the SE, the same markers indicate that the NNW-SSE
oriented dextral shear zones that displaces both the High-Karst and
Budva contacts along the eastern margins of the Kotor Bay and Tivat
lagoon has an offset in the order of 18 km (branch b5 in Fig. 9a). All
other dextral faults in the three key areas were similarly estimated to
have between 200 m and 10 km offsets.

Shortening estimates along thrusts can be obtained by the restora-
tion of kinematically controlled cross-sections constructed along the
sense of shear in time steps, performed for the Montenegro transect
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(Fig. 3b). Given kinematic observations linking strike-slip with reverse
faulting along the trace of the same fault that changes strike, the step-
wise restoration assumes that the offset measured along dextral faults is
transferred to the post- 9 Ma top S-ward shortening along connected
thrusts in the High-Karst and Budva zone (Fig. 9a). The restoration of
these two thrusting events is constrained by stratigraphic markers off-
shore. The East Bosnian — Durmitor thrusting in the northern part of the
profile is Late Cretaceous in age, the same contact being reactivated by
the early-middle Miocene extension (EBD in Fig. 3b, Schmid et al.,
2008; van Unen et al., 2019). In the absence of clear stratigraphic
markers, the pre-Karst 10 km total thrusting offset (PK in Fig. 3b) was
arbitrarily divided in equal 5km offsets for the last two phases of Eo-
cene-Oligocene and post- 9 Ma thrusting.

The kinematic restoration (Fig. 11) shows a total of 150 km of
shortening for the Montenegro transect, distributed as 53km post-
9Ma, 85km Eocene-Oligocene and 22km Late Cretaceous, together
with 10 km of early-middle Miocene extension. The Eocene-Oligocene,
Late Cretaceous and cumulative total shortening are minimum esti-
mates given available depth projection constraints. In more details,
most of the post- 9Ma thrusting is focussed at the High-Karst over
Budva (17 km), internal Budva (15km) and Budva over Dalmatian
(13 km) contacts, while the Eocene-Oligocene shortening is focussed at
the Dalmatian over Adriatic (45 km) and Budva over Dalmatian (17 km)
contacts.

Similar estimates can also be obtained for the Bosnia and
Herzegovina — Croatia transect (Fig. 3a), although a good step-wise
reconstruction cannot be achieved due to the less clear separation be-
tween Eocene-Oligocene and post- 9 Ma amounts of shortening in the
offshore, and due to the absence of post-Paleozoic sediments in the Mid-
Bosnian Schist Mountains. However, a rough estimate by measuring
fault offsets and simple unfolding of the cross-section shows a total
amount of shortening in the order of minimum ~140 km. Among this
50-70 km must have formed in post- 9 Ma times, combined with ~
25 km of early-middle Miocene extension. The thick-skinned thrusting
in the offshore is related to the Middle Adriatic Ridge, which is a set of
offshore Adriatic E-W oriented structures with relatively low offsets
that are interpreted to be formed in two stages, during Paleogene-
Miocene and late Pliocene — Quaternary times (Fig. 1, e.g., Scisciani and
Calamita, 2009 and references therein). The induced Paleogene-Mio-
cene offset is very low and has a poor stratigraphic control, while the
orientation of these structures is fairly compatible with the post- 9 Ma
deformation observed onshore.

5. Understanding the kinematic data at regional scale

When connecting kinematic observations across all studied areas, it
is rather clear that the pre-Miocene nappe system together with the
Miocene basins of the Dinarides Lake System are affected by two de-
formation events along the strike of the entire Dinarides, which post-
date the main period of orogenic structuration that ended during
Paleogene times.

The first deformation event is characterized by syn-depositional
normal faults that are genetically associated with the onset of early-
middle Miocene sedimentation. Such normal faults were observed in all
studied basins (Kamengrad, Drvar, Glamoc, Sinj, Livno, Tomislavgrad,
Mrkonjic Grad, Jajce, Sarajevo-Zenica, Konjic, Gatsko, e.g., Fig. 6h) and
provide critical timing constraints for the superposition of deformation.
Although not targeted specifically by our kinematic analysis, we have
observed that larger offset normal faults indicate roughly NE-SW ex-
tension, while smaller offsets normal faults show NW-SE oriented ex-
tension, which is agreement with what has been previously observed in
other Dinarides basins of Bosnia and Herzegovina, Croatia, and Slo-
venia (e.g., Andri¢ et al.,, 2017; van Unen et al., 2019; Zibret and
Vrabec, 2016). Therefore, we agree with these previous studies that a
period of early-middle Miocene extension has affected all external areas
of the Dinarides.



M. van Unen, et al.

160
N DF N~

\\‘\"‘\

Global and Planetary Change 182 (2019) 103027

Faults

—=—— Late Miocene - Quaternary reverse faults

——= Miocene normal faults

—_—

Late Cretaceous - Oligocene reverse faults

Triassic - Jurassic normal faults

e FOrmer restored Quaternary reverse faults

Former restored Miocene normal faults

Former restored Late Cretaceous - Oligocene reverse faults

Major faults

Small faults

AB= Adriatic Basin

D= Dalmatian zone

B=Budva zone

HK= High-Karst

PK= Pre-Karst

DF= Durmitor Flysch

EBD= East Bosnian-Durmitor unit

Sedimentary cover
Pleistocene

Pliocene

late Miocene

early - middle Miocene
late Eocene - Oligocene
early - middle Eocene
Late Cretaceous

early Late Cretaceous
Jurassic

Triassic

Permian- Triassic

IRENEREE0NO

Okm

-30{ 80 Ma
35 | | |

0km 20 40 60 80 100 120 140 160

180 200 220 240 260 280 300 320

Fig. 11. Kinematic and quantitative step-wise restoration of the Montenegro cross-section displayed in Fig. 3b by using the KronosFlow™ software (location is
displayed in Figs. 1 and 2). All observed strike-slip faults are located outside the trace of the profile. The step-wise constraints of the restoration are discussed in the
text. AB = South Adriatic Basin; D = Dalmatian zone; B = Budva zone; HK = High-Karst unit; PK = Per-Karst; EBD = East Bosnian-Durmitor unit; DF = Durmitor
Flysch; MAR = Middle Adriatic Ridge. a) the present-day transect, slightly simplified from Fig. 3b; b) restoration of the post- 9 Ma deformation; c) restoration of the
early-middle Miocene extension; d) restoration of the Eocene-Oligocene thrusting; €) restoration of the latest Cretaceous thrusting.

More importantly, our study has defined for the first time the ki-
nematics and geometry of a second major deformation event that took
place after 9 Ma and post-dated the sedimentation in the early — middle
Miocene basins by inverting, truncating or otherwise deforming their
entire infill. Strike-slip faults observed in outcrops, can be correlated
with large offset (hundreds of metres to 25km) WNW-ESE to N-S or-
iented dextral offsets, while NNW-SSE to ENE-WSW oriented sinistral
strike-slip faults have significantly smaller offsets less than few hundred
metres. In almost all situations, these fault segments were already ob-
served previously and drawn on available geological maps. However,
only the Split-Karlovac Fault has been previously interpreted as a
dextral strike-slip structure (branch bl in our Split-Karlovac system,
Figs. 1 and 5a, e.g., Chorowicz, 2016; Ustaszewski et al., 2008).

The timing of the Split-Karlovac Fault is the least controlled in our
study, owing to the association of deformation with diapirs made up of
salt and other evaporites and poor Miocene outcrops along this fault
(Fig. 5a). Along this fault segment, the mapped deformation affected
both the upper Eocene - Oligocene Promina beds and the locally
overlying lower-middle Miocene sediments. However, the degree of
deformation is significantly different: while the Promina beds are
clearly truncated by this fault and often tilted to sub-vertical positions
by drag-folds, Miocene sediments appear to be less deformed, while
their degree of tilting is significantly lower, generally 20-40°. While it is
possible that this difference in the degree of deformation observed is an

effect of differential movements against the fault plane during the post-
9 Ma deformation event, it is also possible that the Split-Karlovac Fault
has been initiated earlier, during the late Eocene — Oligocene deposition
of the Promina beds, and deformation continued later, after 9 Ma. This
earlier initiation is inferred by the observation of thick Promina de-
position limited to the west and south of the Split-Karlovac Fault, while
to the east and north such deposition is fairly limited (Fig. 2). However,
erosional removal during subsequent transpressional (re-)activation
along the Split-Karlovac Fault could have played a significant role in
this present-day thickness variability.

All other branches of the strike-slip and reverse faults system are
much less or not affected by diapirism. These branches truncate both
the Promina beds and Miocene sediments, whenever present, and must
have been (re-)activated with a large offset after 9 Ma. There is just one
kinematic study published so far documenting a late Eocene-Oligocene
deformation in the Sarajevo-Zenica Basin, which is characterized by
NE-SW shortening (Andric¢ et al., 2017). Such a shortening direction is
fairly incompatible with the activation of the NW-SE to NNW-SSE
dextral strike-slip along the Split-Karlovac Fault and, therefore, the first
hypothesis of significant (re-)activation after 9 Ma seems more likely.
Therefore, we conclude that most of the strike-slip connected with re-
verse faults along the entire Split-Karlovac system must post-date 9 Ma
and has possibly reactivated an inherited Paleogene thrust.

The cumulative post- 9 Ma dextral strike-slip and reverse faulting
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appears to be similar in the order of 50-70 km in the studied orogenic
transects. However, this amount is distributed differently along the
Dinarides orogenic strike (Fig. 2). In the NW, the largest amount of
displacement of ~50km is retained by the branches of the Split- Kar-
lovac system, while more internal areas (around Kamengrad Basin)
have lower amounts of total deformation (~10-15km). In the centre,
the largest amount of deformation is taken up by the Sarajevo — Zenica
Basin together with its eastern Bosnian Flysch and East Bosnian —
Durmitor units' change in strike along the Sarajevo “sigmoid”
(~40km), while deformation southwards in the Konjic Basin and
Neretva valley has lower values (~30 km). In the SE, the largest amount
of deformation is taken up by the external High-Karst and Budva units
and its NNW-SSE connected dextral strike-slip faults 45km), the re-
mainder of 10 km being distributed between more internal units and
more external offshore thrusting and internal deformation of the Dal-
matian unit (Fig. 11).

The overall deformation shows a gradual transfer of dextral strike-
slip, transpression and shortening from the internal Dinarides in the NW
to the external Dinarides in the SE. The total amount of cumulative
displacements across the entire system is difficult to estimate due to the
unclear amount of offset transfer between individual structures, but the
total amount of offset measured along all faults, by taking either the
strike-slip or the reverse offset in the case of connected curved faults, is
in the order of 150-200 km.

One special note is required for what has been previously described
as the Pre-Karst thrusted unit of the Dinarides (Figs. 1 and 2). This unit
has been introduced originally as a transitional paleogeographic realm
between the Middle Triassic — Paleocene shallow-water carbonates of
the external Dinarides and a more internal tectonostratigraphic unit
characterized by deep water Upper Jurassic — Cretaceous turbidites (i.e.
“flysch”, see also Aubouin et al., 1970). In subsequent studies, the Pa-
leozoic basement and the overlying continental to shallow-water
Triassic to Cretaceous cover together with the overlying deformed
Bosnian Flysch has been often grouped in an individual thrusted unit in
the pre-Miocene Dinarides nappe stack (e.g., Schmid et al., 2008 and
references therein). Our field observations show that in most areas of
Bosnia north-west of the Neretva River (NW of NR in Fig. 7a), the
contact between the Pre-Karst and High-Karst units never retains a ty-
pical SW-ward thrusting kinematics of the pre-Miocene deformation
(the Dinaric vergence of Schmid et al., 2008; Tari, 2002). We observed
that this fault is either a NW-SE to WNW-ESE oriented dextral strike-slip

Transfer zone
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fault or an E-W oriented thrust with top S- to SSW-wards kinematics, or
even a normal fault (Fig. 2). In other situations, the fault simply does
not exist, the interpreted unit contact being a map interpretation con-
necting two faults with different kinematics (such as two post- 9 Ma
strike-slip faults or a Dinaric thrust with a post- 9 Ma strike-slip fault,
Fig. 2). It is rather clear that the segments of this contact with large
offset are part of the post- 9 Ma dextral strike-slip and reverse faults
system. Therefore, we suggest abandoning the term “Pre-Karst” as a
pre-Miocene thrusted unit of the Dinarides.

6. Mechanics of deformation

The post- 9 Ma deformation observed in outcrops and map scale
demonstrate in all areas that large offset WNW-ESE to N-S oriented
dextral strike-slip faults transfer gradually their displacements to E-W
to WNW-ESE oriented thrusts and high-angle reverse faults. Such
structures are observed throughout the entire studied area (Fig. 2).
Furthermore, a number of situations show that offset is transferred
gradually from one curved strike-slip to reverse fault to another such
fault in transfer zones. Such transfer zones are observed when the post —
9 Ma faults overlap along their strike with a general en-echelon geo-
metry (Figs. 2 and 12). Whenever the deformation is taken up by one
large offset dextral strike-slip fault, this offsets remains roughly con-
stant along its strike outside transfer zones (outside grey areas in
Fig. 12a). In the transfer zone, the offset of reverse faults is maximum
near the dextral fault, while decreasing gradually at farther distance,
often until complete disappearance. The gradual decrease in
offset along these reverse faults is an effect of transferring the de-
formation to the next curved fault made up by another dextral and
reverse segments (Fig. 12a, b). The transfer of deformation from one
structure to the next one can be done in two ways:

- The gradual decrease in thrusting offset is taken up by a gradual
increase of dextral offset along the adjacent strike-slip fault (situation 1,
Fig. 12a, b). This situation is best exemplified by the Split-Karlovac
fault system, where branches b2-b4 and the fault at the western margin
of the Tomislavgrad basin transfer their deformation in such a way that
individual faults have low (hundreds of metres to few kilometres) offset
to the NNW, while increasing to 10-15km in the transfer zones and
further SSE-wards (Fig. 5a);

- The gradual decrease in reverse offset is taken up by a gradual
increase in offset along an opposite vergent reverse segments connected

Fig. 12. Cartoons illustrating structural mechanisms
of strain partitioning and transfer depicted by our
study for the post- 9 Ma deformation event. a) 3D
view of strain transfer between dextral strike-slip
faults via restraining step-overs and/or restraining
bends. The transfer of deformation between strike-
slip faults is achieved in two ways: 1) a gradual de-
crease in thrusting offset is taken up by a gradual
increase of dextral offset along the adjacent strike-
slip fault; 2) a gradual decrease in reverse offset is
taken up by a gradual increase in offset along an
opposite vergent reverse fault connected with one
other dextral strike-slip fault; b) 3D view of offset

transfer between two reverse faults via a dextral

—4A__ Thrust fault

j——

Strike-slip fault

Contraction direction
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strike-slip fault.
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Fig. 13. The post- 9 Ma deformation mapped in the studied
Dinarides area correlated in the larger Alps-Dinarides-
Albanides-Hellenides-Apennines context. a) Tectonic map of
the Dinarides and neighbouring orogens (adapted from
Schmid et al., 2008; Schmid et al., 2011, legend and con-
ventions presented in Fig. 1) overlaid by the post- 9 Ma de-
formation, and seismicity. The post- 9 Ma fault pattern in the
Dinarides, Pannonian Basin, Southern and Eastern Alps is

Subduction

low angle
. steep

= = tear faults

Slab-pull

with other dextral strike-slip segments along another curved faults
(situations 2a and 2b, Fig. 12a). This situation is best exemplified along
the Neretva Valley structure (NR in Fig. 7a). Here, dextral strike-slip
faults connect to both a thick-skinned thrust and a thin-skinned back-
thrust (t1 and bl in Fig. 3a, NR in Fig. 7a). These structures rapidly
transfer their offsets between each other in such a way that the thrust
offset increases and is larger W-wards, while the backthrust offset in-
creases and is larger E-wards (which is the situation of the cross-section
in Fig. 3a). This also indicates that deformation is transferred between
thin-skinned and thick-skinned faults along dextral faults that function
as lateral or oblique ramps.

The overall transfer of deformation allows for a gradual shift of
shortening from more internal areas to the NE to more external to the
SW by moving gradually the location of large-offset reverse faults to-
wards the southern foreland (Fig. 12b). The WNW-ESE to N-S oriented
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taken from our results and previous studies (Heberer et al.,
2017; Moulin et al., 2016; Tomljenovi¢ and Csontos, 2001;
Tomljenovic et al., 2008; Ustaszewski et al., 2014; van Gelder
et al., 2015; Vrabec and Fodor, 2006; Vrabec et al., 2006).
Presently active seismogenic faults are displayed in the Al-
banides and Hellenides (Caputo et al., 2012; Pavlides et al.,
2010; Pérouse et al., 2017). Only the orogenic front is dis-
played in the Apennines. Only earthquakes with magnitude
greater than 4 are displayed, their location is taken from the
USGS earthquakes catalogue (https://earthquake.usgs.gov/
earthquakes/), corrected by local studies whenever available
(e.g., Herak et al., 2009; Pérouse et al., 2017). SKF = Split —
Karlovac Fault; KFZ = Kefalonia Fault Zone; SPF = Skutari —
Pec Fault; PAL = Peri-Adriatic Lineament; SF = Sava Fault;
DF = Drava Fault; MHSZ = Mid-Hungarian Shear Zone;
MAR = Middle Adriatic Ridge; b) The same tectonic map as in
Fig. 13a (same conventions) overlaid by the present-day stress
distribution and GPS horizontal motions. The GPS horizontal
motions are displayed in an Eurasian fixed reference frame-
work (D'Agostino et al., 2008; Grenerczy et al., 2005; Jouanne
et al., 2012; Métois et al., 2015; Nocquet, 2012). The mean
present-day maximum horizontal stress orientation (Sy) is
compiled from previous studies (Bada et al., 2007; Heidbach
et al., 2007; Heidbach et al., 2010; Pierdominici and
Heidbach, 2012). The focal mechanisms are plotted only for
calculated earthquakes in the Dinarides (after Sani et al., 2016
and references therein); ¢) Conceptual cartoon illustrating the
lateral transition in the subduction and collision system be-
tween the Dinarides, Albanides and Hellenides. The cartoon
infers subduction of continental mantle lithosphere dis-
connected from an oceanic slab by the Oligocene slab de-
tachment beneath the Dinarides (Andri¢ et al., 2018), sub-
duction of thinned continental lithosphere disconnected from
an oceanic slab by previous slab detachment beneath the Al-
banides and subduction of oceanic and continental mantle
lithosphere in a continuous Aegean slab beneath the Helle-
nides. The three areas are separated by slab tears. The cartoon
also infers that the post- 9 Ma deformation accommodates the
differential movement between the N- to NE-ward Adriatic
indentation and continental subduction and the SW-ward
movement driven by the Aegean slab pull.

large offsets dextral strike-slip faults may be interpreted as lateral or
oblique ramps accommodating the transfer of shortening across an in-
herited NW-SE oriented nappe stack. High amounts of cumulative offset
recorded by the system of curved dextral to reverse faults are observed
in the Bosnian Flysch and the Budva unit of Montenegro. These areas
contain deep-water to pelagic sediments, which are rheologically
weaker when compared with the Paleozoic basement and Mesozoic
shallow-water carbonatic cover deposited in the neighbouring units. As
these areas have always recorded much larger amounts of deformation
when compared with elsewhere in the external part of the Dinarides,
this strain localisation is likely the result of focussing deformation in
rheologically weak zones (see also van Unen et al., 2019).

The overall transfer mechanisms from strike-slip to high-angle re-
verse faulting can be described as a special class of continental re-
straining bends or stepovers (e.g., Biddle and Christie-Blick, 1985;
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Cunningham and Mann, 2007 and references therein). As long as the
rheology of rocks affected by deformation is homogenous, such as the
typical High-Karst shallow water carbonate platform overlying the
Variscan basement and Permian - lowermost Triassic clastics, the
strike-slip deformation is dominant and transfers its offset between
various fault branches across shorter segments of high-angle reverse
faults. Whenever inherited weakness zones with a favourable orienta-
tion are present, such as the Bosnian Flysch or the Budva unit, de-
formation localizes in thrusts or oblique reverse faults that are domi-
nant over shorter segments of strike-slip faulting.

In this kinematic (i.e. strain-based) framework, a first order inter-
pretation of the three average paleostress solutions, obtained earlier by
inverting faults belonging to the same deformation set can be provided
in the larger context of the Dinarides (Fig. 12a). Taking the N- to NE-
ward movement of the Adriatic microplate as a fixed (i.e. independent)
strain constraint, the calculated average stresses can be seen as a de-
pendent material response to this imposed boundary condition (e.g.,
Tikoff and Wojtal, 1999). In this framework, the N-S to NNE-SSW
compressional stress reflects stress calculations by inverting measure-
ments of reverse kinematics along E-W oriented, large-offset faults. The
strike-slip stress field with N-S to NNE-SSW oriented compression re-
flects stress calculations by inverting measurements of dextral offsets
(and their conjugate sinistral ones) in areas where the large offset faults
change their strike to NW-SE to NNW-SSE. We interpret the strike-slip
stress field with NW-SE oriented compression as a local effect that
shows stress calculations by measurements of deformation in local areas
connecting the earlier described dextral and reverse offsets along the
same fault (Fig. 12a). The distribution of the measured kinematics
corresponds, at regional scale, with this stress partitioning.

7. Towards understanding the post- 9 Ma Dinarides deformation
in a larger geodynamic context

The patterns of post- 9 Ma deformation mapped across the central
and south-eastern Dinarides partly fit the overall framework of Adriatic
indentation, as defined by many previous studies (Fig. 13a,b, e.g.,
Handy et al., 2010; Pinter et al., 2005). The curved faults system with E-
W to ESE-WNW oriented reverse segments and WNW-ESE to N-S or-
iented dextral segments is in general agreement with the overall N- to
NE- ward direction of Adriatic movement derived by GPS studies in the
Dinarides in respect to a stable European framework (Fig. 13b, e.g.,
D'Agostino et al., 2008; Grenerczy et al., 2005; Métois et al., 2015).
While GPS movement vectors are oriented more N-wards in the NW
Dinarides and the neighbouring Southern Alps, this movement gradu-
ally changes to NNE and NE towards the Pannonian Basin and the
central and south-eastern part of the Dinarides (Fig. 13b). Across the
Adriatic Sea, GPS studies indicate a N- to NE-ward movement of the
Apennines along trajectories that can be generally connected with the
ones observed in the Dinarides, Pannonian Basin, and Southern and
Eastern Alps (Fig. 13b). The situation changes in the SE located Ionian
domain, starting with the Albanides that record a ~1-5 mm/yr motion
towards the NW in their external and towards the SE in their internal
parts, while the Hellenides record much larger motions of ~10-36 mm/
year, gradually rotating from S- to SW-ward following the structural
vergence of the orogen in the overall direction of the Aegean slab-roll
back (Jouanne et al., 2012; Kahle et al., 2000; Métois et al., 2015;
Nocquet, 2012).

The N-S to NNE-SSW direction of compression derived by our re-
gional average paleostress solutions is also in general agreement with
modelled averages of the present-day maximum horizontal stress (Sy)
field in the Dinarides (Fig. 13b). This modelled stress component in-
dicates a gradual change from N-S orientations in the NW to NE-SW
orientations in the SE Dinarides, which is compatible with the overall
Adria indentation (Bada et al., 2007; Heidbach et al., 2007; Heidbach
et al., 2010). Towards the Hellenides, this stress field changes to more
E-W directions, which is a combined effect of a similarly oriented
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compression in external areas and perpendicular N-S to NNE-SSW or-
iented extensional deformation elsewhere, inferred to be the result of
the S- to SSW-wards slab roll-back combined with gravitational
spreading of the Aegean lithosphere (Heidbach et al.,, 2007;
Konstantinou et al., 2017). A similar situation is observed in the
Apennines (Fig. 13b), where the NW-SE Sy orientations are the result of
a NE-SW oriented extension. To the NW of the Apennines, the Sy or-
ientation gradually changes to NE-SW in the Adriatic Sea, interpreted to
be a combination between horizontal gradients of the gravitational
potential energy, the long-wavelength of the Africa-Europe con-
vergence zone and the Adriatic indentation (Métois et al., 2015;
Pierdominici and Heidbach, 2012).

Larger clusters of earthquakes are observed in the central Dinarides
and the SE Budva zone in areas that are spatially juxtaposed over the
mapped post- 9 Ma fault system (Fig. 13a). Focal mechanisms (plotted
in Fig. 13b only for calculated Dinarides solutions) indicate either
strike-slip or compressional solutions with N-S to NE-SW oriented P
axes, which is in very good agreement with our observed kinematics
and regional average paleostress solutions. Therefore, it is very likely
that many faults that belong to our observed post- 9 Ma system are
seismically active, although more precise localisation of this seismicity
in local studies is generally scarce (Fig. 13a, see also Bada et al., 2007;
Herak et al., 2009; Sumanovac et al., 2017; Ustaszewski et al., 2014).

In this overall context, it is rather clear that the post- 9 Ma fault
system mapped in the central and SE part of the Dinarides accom-
modates the differential motion between the N- to NE-ward motion of
Adria and the S- to SW-ward movement of the Hellenides and SE
Albanides, driven by the roll-back of the Aegean slab. How exactly the
deformation connects between the Alps and the Albanides-Hellenides?
This is a difficult question given the local nature and problematic age of
faults in many kinematic studies across the entire system. To the NW
(Fig. 13a), a significant number of NW-SE to WNW-ESE oriented larger
offsets dextral strike-slip faults, associated with E-W to ENE-WSW or-
iented reverse faults and smaller offset NE-SW to NNE-SSW oriented
sinistral strike-slip faults has been mapped to be either latest Miocene —
Quaternary, Pliocene-Quaternary or as a result of active and neotec-
tonic deformation along the Peri-Adriatic Lineament or southwards in
the NW-most part of the Dinarides (e.g., Heberer et al., 2017; Moulin
et al., 2016; Tomljenovi¢ and Csontos, 2001; Tomljenovic et al., 2008;
Ustaszewski et al., 2014; van Gelder et al., 2015; Vrabec and Fodor,
2006; Vrabec et al., 2006). The northern part of this fault system con-
nects with the latest Miocene — Quaternary deformation of the Mid-
Hungarian Shear Zone, Sava and Drava faults (e.g., Fodor et al., 2005;
Fodor et al., 1998), which are located N to NE of the faults mapped in
our study (Fig. 13a). The southern part of the fault system (immediately
north of the Istria peninsula, Fig. 13a) likely connects with or transfer
deformation to our observed Split-Karlovac and Bosnian Flysch faults
systems. The larger offset strike-slip and thrusting focussed in the ex-
ternal part of the High-Karst, Budva and Dalmatian units of the SE
Dinarides connect with the late Miocene — Quaternary faults in the
external parts of the onshore and offshore Albania (Ionian and pre-
Apulian zones, possibly also Krasta-Cukali unit in Fig. 1, Bega, 2015;
Roure et al., 2004; Vilasi et al., 2009). More to the SE towards the
Hellenides (Fig. 13a), the active thrusting is focussed in the external-
most part of the orogenic wedge, close to the main deformation front
(Caputo et al., 2012; Pavlides et al., 2010; Pérouse et al., 2017). This
thrusting is displaced by NNE-SSW oriented dextral faults, among
which the largest is the seismically active Kefalonia Fault Zone, a fault
that started its activity at ~5Ma (Louvari et al., 1999; Menant et al.,
2016; Pérouse et al., 2017).

The zones where the overall structural kinematics, GPS motions,
present-day horizontal stress and seismicity distributions change across
the entire Dinarides — Albanides — Hellenides orogens are the Kefalonia
Fault zone and the Skutari — Pec (or Shkoder — Peja) Fault zone
(Fig. 13a). The first fault zone is thought to be the surface expression of
a young tear fault in the Aegean subduction system separating
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subduction of continental crust to the NW from subduction of oceanic
crust to the SE (Fig. 13b, Evangelidis, 2017; Pearce et al., 2012). The
second fault zone is interpreted to be the expression of an older trans-
formant fault that separated the Mesozoic carbonate facies evolution
(e.g., Aubouin and Dercourt, 1975; Robertson and Shallo, 2000; Velaj
et al., 1999) and shows significant Miocene normal faulting offset ac-
commodating an increase in roll-back subduction to the SE (Le Breton
et al., 2017; Schmitz et al., 2017; Handy et al., 2019) of a transitional
Adriatic-Ionian continental lithosphere affected by significant normal
faulting (Bega, 2015). Therefore, the post- 9 Ma large scale transpres-
sion and high-angle reverse faulting observed in the study area justifies
a mechanism of Adriatic indentation characterized by a gradual tran-
sition between continental subduction and N- to NE-ward movement of
the Dinarides, to subduction of oceanic subduction and slab roll-back in
the Hellenides SE of the Kefalonia Fault (Fig. 13c, see also Handy et al.,
2019). Subduction of thinned continental lithosphere is still taking
place likely in the transitional area of the Albanides — Hellenides NW of
the Kefalonia Fault, which connects the present orogenic growth of the
Alps and Dinarides from the orogenic collapse of the Hellenides.

8. Conclusions

Among the many examples available worldwide, the Neogene evo-
lution of the Adriatic microplate in the Mediterranean domain provides
one of the best places to understand indentation effects in terms of the
relationship between deep lithosphere and mantle processes and the
structural evolution of neighbouring orogens. Understanding the in-
terplay between various mechanisms invoked for the Adriatic in-
dentation was hampered by the lack of structural and kinematic data in
the Dinarides, an orogen situated at the critical transition between the
Alps, Albanides and Hellenides, and across the Adriatic margin of the
Apennines. Starting from the scarcely available information for the
post-Paleogene evolution, we have re-visited the less known area of the
central and south-eastern Dinarides by focussing on collecting a new
kinematic dataset for structures formed during the Adriatic indentation
that postdate the main orogenic evolution.

In agreement with previous studies, our data shows that the lower-
middle Miocene sediments of the Dinarides Lake System have been
deposited during a period of extension that affected the entire orogen
across its strike. Furthermore, we demonstrate for the first time that
extension was followed by a period where strike-slip deformation was
intimately associated with reverse faulting and thrusting. Starting from
the early-middle Miocene basins, we have mapped how WNW-ESE to N-
S oriented dextral strike-slip faults transfer gradually their offsets to E-
W to NNW-SSE oriented dextral transpressive faults and ultimately to E-
W to WNW-ESE oriented thrusts and high-angle reverse faults.

The overall transfer mechanism from strike-slip to high-angle re-
verse faulting can be described as a special class of continental re-
straining bends or stepovers. As long as the rheology of rocks affected
by deformation is homogenous, the strike-slip deformation is dominant
and transfers its offset between various fault branches across shorter
segments of high-angle reverse faults. Whenever large-scale inherited
weakness zones with a favourable orientation are present, such as units
containing deep-water sediments that recorded significant deformation
during the previous orogenic evolution, deformation localizes in thrusts
or oblique reverse faults that are dominant over shorter segments of
strike-slip faults. Strike-slip faults transfer their offset to thrusts in such
a way that the offset changes along their strikes.

The observation of the regional early-middle Miocene extension in
the Dinarides infers that there were no indentation effects prior to 9 Ma
in this orogen. The geodynamic mechanism driving this period of ex-
tension that gradually reduces its effects towards the external parts of
the orogen and has maximum amplitudes during the ~17-15Ma
Miocene Climatic Optimum (Mandic et al., 2012; Sant et al., 2018) are
still unclear. One can think of horizontal gradients of the gravitational
potential energy, prolongation of the Pannonian back-arc extension far
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into the Dinarides, roll-back of a Dinarides slab, processes associated
with the subduction zone, eduction post-dating the Oligocene slab-
break off (e.g., Andric et al., 2018; Matenco and Radivojevi¢, 2012 and
references therein), but all such hypotheses remain speculative given
the available data.

The onset of indentation that started in the Dinarides at ~9 Ma was
likely associated with a differential motion of Adria in respect to the S-
to SW- ward movement of a Hellenides area situated SE of the Kefalonia
Fault, driven by the Aegean slab-roll back, facilitated by the thinned
continental to oceanic nature of the Ionian lithosphere involved in the
subduction system. The system of strike-slip, reverse and thrust faults
mapped in the Dinarides that likely continues or transfers its offset to
the NW until the Southern Alps and to the SE in the external part of the
Albanides is nothing else but a large-scale crustal horizontal drag zone
accommodating ~150-200km of differential motion between the
Adriatic indentation and Aegean slab roll-back in post- 9 Ma times.
Partitioning the deformation related to the Adriatic indentation in the
Apennines and Hellenides may be certainly influenced by astheno-
spheric flow around subducted slabs and moments of slab tearing or
detachment, as previously inferred (e.g., Faccenna et al., 2014; Kiraly
et al., 2018; Le Breton et al., 2017). But such studies are still qualitative
because they ignore a correct quantification of the timing and complex
geometry of deformation in the Dinarides and need to be re-visited.
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