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a b s t r a c t

The coupled tectonic and depositional history of extensional basins is usually described in terms of
stratigraphic sequences linked with the activity of normal faults. This depositional-kinematic interplay is
less understood in basins bounded by major extensional detachments or normal fault systems associated
with significant exhumation of footwalls. Of particular interest is the link between tectonics and sedi-
mentation during the migration of normal faulting in time and space across the basin. One area where
such coupled depositional-kinematic history can be optimally studied is the Late Oligocene - Miocene
Sarajevo-Zenica Basin, located in the Dinarides Mountains of Bosnia and Herzegovina. This intra-
montane basin recorded Oligocene e Pliocene sedimentation in an endemic and isolated lake environ-
ment. We use field kinematic and sedimentological mapping in outcrops correlated with existing local
and regional studies to derive a high-resolution evolutionary model of the basin. The novel results
demonstrate a close correlation between moments of normal faulting and high-order sedimentological
cycles, while the overall extensional basin was filled by a largely uni-directional sediment supply from
the neighbouring mountain chain. The migration in time and space of listric NE-dipping normal faults
was associated with a gradual shift of the sedimentological environment. Transgressive-regressive cycles
reflect sequential displacements on normal faults and their footwall exhumation, defining a new sedi-
mentological model for such basins. This Early - Middle Miocene extension affected the central part of
the Dinarides and was associated with the larger opening of the neighbouring Pannonian Basin. The
extension was preceded and followed by two phases of contraction. The Oligocene - Early Miocene
thrusting took place during the final stages of the Dinarides collision, while the post-Middle Miocene
contraction is correlated with the regional indentation of the Adriatic continental unit. This latter phase
inverted the extensional basin by reactivating the inherited basal listric detachment.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Depositional geometries are controlled by the balance between
sediment supply and accommodation space, which is enhanced in
tectonically active basins (e.g., Schlager, 1993; Miall and Miall,
tment of Earth Sciences, PO
2001; Cloetingh and Haq, 2015; Bal�azs et al., 2016). The relation-
ship between tectonic and sedimentation has been extensively
studied in rift systems by the means of seismostratigraphic in-
terpretations correlated with wells and/or observations in out-
crops, either in extensional structures buried beneath passive
continental margins, or in similar basins exposed onshore (e.g., van
Wagoner et al., 1990; Nottvedt et al., 1995; Hinsken et al., 2007;
Martins-Neto and Catuneanu, 2010). These studies have demon-
strated that moments of deformation are associated with a depo-
sitional cyclicity. The creation of accommodation space is enhanced
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in the hanging-wall of normal faults, while footwall erosion is a
good indicator for regressive patterns. Such relationships are less
obvious in the case of asymmetric extensional basins, i.e. basins
where sedimentation is controlled by either a major extensional
detachment, or by a system of uni-directional dipping listric normal
faults that are connected at depth to one major shear zone, as
observed, for instance, in extensional break-away or supra-
detachment basins (e.g., Wernicke, 1992; Friedmann and
Burbank, 1995; Ziegler and Cloetingh, 2004; Rosenbaum et al.,
2005; Tugend et al., 2014). Asymmetries are favoured when pre-
existing crustal rheological contrasts are inherited, such as
thrusts, orogenic nappe stacks or suture zones, frequently observed
in extensional back-arc basins during the evolution of detachment
faults that exhume rocks previously buried at high depths (e.g.,
Bertotti et al., 2000; Brun and Faccenna, 2008; van Wijk et al.,
2008). Numerous examples are observed during the Paleogene -
Miocene evolution of orogens in the Mediterranean region, when
slab rollback was associated with back-arc extension and the for-
mation of a large number of core-complexes and extensional basins
bounded by detachments or low-angle normal faults (Jolivet and
Faccenna, 2000; Faccenna et al., 2004; Jolivet and Brun, 2010). In
such basins, sedimentation is not only controlled by the position of
the central subsiding area, but also by the gradual migration in
space and time of normal faulting combined with enhanced
exhumation of footwalls (Lister and Davis, 1989; Martín-Barajas
et al., 2001; Bargnesi et al., 2013).

One areawhere the formation of asymmetric extensional basins
was controlled by detachments reactivating pre-existing thrusts is
the Dinarides - Pannonian system (Fig.1a, b, e.g., Bal�azs et al., 2016).
For instance, the inherited Cretaceous suture zone between Adria
and Europe (i.e. the Sava Zone) was reactivated by extension along
its entire strike (e.g., Ustaszewski et al., 2010; van Gelder et al.,
2015). This extension created (Oligocene-) Miocene extensional
basins that are either parts of the larger Pannonian Basin system
(e.g., Tari et al., 1992; Horv�ath et al., 2015), or evolved in an endemic
and/or geographically isolated environment within the Dinaride
Lake System (Harzhauser and Mandic, 2008). In this latter system,
the largest basin is Sarajevo-Zenica that formed on the northern
flank of the Mid-Bosnian Schist Mountains, near the inherited
nappe contact between the Pre-Karst and East Bosnian - Durmitor
units (Fig. 1b). The basin was filled with alluvial-fluvial and lacus-
trine sediments deposited during Oligocene - Pliocene times and
has a highly asymmetric stratigraphic geometry controlled by a
large fault, or a system of faults, located at its SW margin (Fig. 1b,
the Busova�ca Fault of Hrvatovi�c, 2006). Interesting is the isolated
nature of the basin, which evolved entirely in an isolated and
endemic environment during its entire existence (Milojevi�c, 1964).
This allows a direct correlation between erosion in the neigh-
bouring source area and deposition inside the basin, although lake-
level variations, controlled by the local balance between precipi-
tation and evapo-transpiration, are rather frequent in such systems
(e.g., Garcia-Castellanos et al., 2003; Leever et al., 2011).

The kinematic and sedimentological field observations per-
formed on existing outcrops were correlated with previous local
and regional studies (e.g., Hrvatovi�c, 2006 and references therein)
in order to derive a high-resolution evolutionary model of the
Sarajevo-Zenica Basin. These observations were taken along a
number of transects and isolated outcrops that were correlated
based on field mapping, synchronicity of faulting events and
associated sedimentary wedges in the basin and, whenever avail-
able, existing biostratigraphic information. Field observations were
used to separate kinematic phases of deformation and individual
episodes of faulting. This kinematics was coupled with
sedimentological observations for the period of extensional defor-
mation by following a standard approach including the definition
of facies units, facies associations, sedimentological environment
and systems tracts. Systems tracts are fault-controlled and were
used to correlate the kinematic episodes and quantify the evolution
of accommodation space in the basin. The ultimate target is to
define a new tectonic model of coupled tectonic and depositional
evolution for asymmetric extensional basins. This model is still
specific to the Sarajevo-Zenica Basin, but the principles of its con-
struction are generic and can be applied to similar basins world-
wide. Furthermore, the kinematic model of basin evolution has
significant novel inferences for understanding the tectonics of the
Dinarides.

2. The Sarajevo-Zenica Basin in the context of the larger
Dinarides evolution

The Dinarides formed in response to the Triassic opening of the
Neotethys Ocean between Europe- and Adriatic-derived conti-
nental units and its subsequent closure that started duringMiddle -
Late Jurassic times (Fig. 1, Pami�c, 2002; Schmid et al., 2008; Handy
et al., 2015). The internal parts of Dinarides were tectonically
overlain by ophiolites and genetically associated ophiolitic mel-
anges during the Late Jurassic - earliest Cretaceous obduction
stages (e.g., Dimitrijevi�c and Dimitrijevi�c, 1991; Ðeri�c et al., 2007;
Schmid et al., 2008; Robertson, 2011). The orogen was subse-
quently built-up during subsequent Cretaceous - Eocene short-
ening events that created an overall nappe stack where
deformation generally migrated in time towards the Adriatic fore-
land (Fig. 1, e.g., Dimitrijevi�c, 1997; Schmid et al., 2008). The
contraction is still active at present (e.g., Bennett et al., 2008; Herak
et al., 2009). The nappes are made up by a Paleozoic basement
affected by various degrees of Variscan deformation and meta-
morphism that was unconformably covered by a dominantly car-
bonatic Permian - Eocene succession (e.g., Ðokovi�c, 1985; Korbar,
2009).

2.1. Available constraints from the tectonic and sedimentary
evolution

The Late Jurassic - Eocene contraction was locally associated
with the deposition of syn-contractional trench turbidites (i.e.
flysch deposits). Elongated areas of such highly-deformed sedi-
ments follow thrust contacts along the Dinarides strike (e.g.,
Dimitrijevi�c and Dimitrijevi�c, 1987). Among them, the Bosnian
Flysch recorded a Late Jurassic - latest Cretaceous deposition of
mixed carbonate and siliciclastic sediments (e.g., Aubouin et al.,
1970; Rampnoux, 1970; Mikes et al., 2008b), which overlies the
upper and internal parts of the Pre-Karst unit (Fig. 1). Thrusting
over the Bosnian Flysch separates the dominant Triassic - Lower
Eocene shallow-water Adriatic carbonate platform deposition
observed in more external Dinarides units (Dalmatian, Budva -
Cukali, High Karst, and Pre-Karst units) from more internal units
carrying obducted ophiolites in an upper structural position (East
Bosnian - Durmitor, Drina - Ivanjica and Jadar e Kopaonik units)
and recorded a late Middle Triassic - Early Jurassic gradual deep-
ening of their carbonatic facies (Fig. 1, Dimitrijevi�c, 1997; Pami�c,
2002; Schmid et al., 2008). The Bosnian Flysch was significantly
deformed in successive phases of thrusting and is divided into two
units separated by local unconformities: an older andmore internal
Late Jurassic - Berriasian Vranduk Flysch, and a younger and more
external Turronian - Senonian Ugar - Durmitor Flysch unit that
extends ESE-wards until the junction with the Albanides



Fig. 1. a) Tectonic map of the Alps - Carpathians - Dinarides system (simplified after Schmid et al., 2008). White and transparent white polygons show the locations of Miocene
basins, such as the Pannonian. Red polygon outlines the location of the Sarajevo-Zenica Basin. Inset represents the location of the map. b) Simplified tectonic map of the Central
Dinarides with the outline of the Sarajevo-Zenica Basin (after Jovanovi�c et al., 1971; Sofilj and �Zivanovi�c, 1971; Oluji�c et al., 1978; �Zivanovi�c et al., 1967). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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(Rampnoux, 1970; Dimitrijevi�c, 1997; Hrvatovi�c and Pami�c, 2005).
The internal part of the Dinarides was affected by significant

extension, which is generally related with the back-arc opening of
the Pannonian Basin starting at ~20 Ma, driven by the rapid
Miocene retreat of the Carpathian subduction zone (Fodor et al.,
1999; Horv�ath et al., 2015 and references therein). The extension
in the north e eastern Dinarides started during the Late Oligocene,
migrated in space and time and recorded peak moments during the
Middle Miocene (~14e15 Ma) (de Leeuw et al., 2012; Matenco and
Radivojevi�c, 2012). Large-scale extensional detachments inverted
the Adria - Europe suture zone (i.e. the Sava zone), as well as
various thrust contacts in the Dinarides and thus exhumed parts of
tectonic units previously deeply buried in their footwalls
(Ustaszewski et al., 2010; Schefer et al., 2011; Stojadinovi�c et al.,
2013; Tolji�c et al., 2013; van Gelder et al., 2015). These de-
tachments are locally observed along the strike of the Dinarides
near their NE margin and are also buried beneath the Miocene
sediments of the Pannonian Basin (Matenco and Radivojevi�c, 2012).
The systems of low-angle normal faults, their exhumed footwalls
and hanging-wall basins have similar structural geometries and
have also comparable mechanisms with the Miocene extension
affecting the transition between the Alps and the Pannonian Basin
(Ratschbacher et al., 1991; Tari et al., 1992; Cao et al., 2013).

The contraction near the frontal part of the Dinarides and the
coeval extension in more internal areas created the accommodation
space for the formation of many Miocene lakes, which recorded
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shallow water lacustrine to continental alluvial deposition in a
mostly endemic and/or geographically isolated environment (Krsti�c
et al., 2003; Harzhauser and Mandic, 2008; de Leeuw et al., 2012).
The endemic and often isolated nature of these basins provided
important constraints for the palaeoenvironmental and palae-
obiogeographic evolution of the Dinarides region (Jim�enez-Moreno
et al., 2009; de Leeuw et al., 2010; Mandic et al., 2011). Some ba-
sins formed and evolved separately as individual and isolated
depocentres (the Dinaride Lake System of de Leeuw et al., 2012),
while others are interpreted as remnants of a single lake (Lake
Serbia, Krsti�c et al., 2003). While the isolation of northern basins
ceased during a Middle Miocene marine transgression, the deposi-
tion in smaller basins in the External Dinarides apparently stopped
at the same time (de Leeuw et al., 2012; Mandic et al., 2012). The
Neogene deposits of the Dinarides have been deformed by
contraction during the Adria indentation starting during latest
Miocene times (e.g., Ustaszewski et al., 2014). Although a number of
tectonic hypotheses have been suggested for the formation of the
entire lake system, such as transtensional opening due to the
movements along the Peri-Adriatic lineament (Hrvatovi�c, 2006) or
wedge-top basins (Korbar, 2009), the detailed tectonic and sedi-
mentary evolution of most of these Oligocene - Miocene basins is
largely unknown (Mikes et al., 2008a).

2.2. The geological evolution of the Sarajevo - Zenica Basin

The Sarajevo-Zenica Basin (Fig. 1) is the largest in the Dinaride
Lake System and has received little attention in published geological
studies. It overlies a paleorelief formed during successive Late
Jurassic - Cretaceous thrusting events at the contact between the
East Bosnian - Durmitor and Pre-Karst units, the latter including a
thick sequence of highly deformed Bosnian Flysch that outcrops
dominantly along the NE basin flank (Fig. 1b, e.g., Hrvatovi�c, 2006;
Schmid et al., 2008). The strike of this contact swings in map view
from NW-SE in Montenegro and eastern Bosnia and Herzegovina to
N-S and further back to NW-SE westwards, coinciding with a sig-
nificant reduction in the exposed width of the East Bosnian - Dur-
mitor unit (Fig. 1, the Sarajevo sigmoid of Dimitrijevi�c, 1997). Outside
the Bosnian Flysch sediments described above, the SW basin margin
is made up by the Paleozoic metamorphic complex of Mid-Bosnian
Schist Mountains overlain by an undifferentiated Mesozoic cover
(Fig. 1b). The Mid-Bosnian Schist Mountains include Variscan meta-
sediments and meta-volcanics together with limestones, dolomite
and Permian post-Varisan continental sediments (e.g., Hrvatovi�c,
2006). The Mesozoic cover contains clastics and carbonate sedi-
ments deposited on the passive continental margin during Triassic
times together with Middle Triassic rifting magmatics (diabases,
diorites, gabbros, syenites, spilites and quartitic andesites).

Existing biostratigraphic constraints of the Sarajevo-Zenica Ba-
sin were derived from regional geological correlation of pollen and
mollusk records (e.g. Hrvatovi�c, 2006). This stratigraphic scheme is
less accurate (see details in de Leeuw et al., 2012) and may be
further updated through independent geochronological methods.

Starting with Late Oligocene times, the evolution of the
Sarajevo-Zenica Basin is thought to be controlled by the large NW-
SE striking Busova�ca Fault recognized near the SW margin from
surface mapping, well data and geophysical interpretations (Fig. 1,
Hrvatovi�c, 2006). Along the northern margin of the basin, Upper
Oligocene - Miocene sediments were deposited unconformably
over the Bosnian Flysch sediments (Hrvatovi�c, 2006). South of the
Busova�ca Fault, exhumed areas of the Mid-Bosnian Schist Moun-
tains expose their Paleozoic core made up by sediments affected by
various degrees of Caledonian, Variscan and Cretaceous meta-
morphism that are covered along their strike by Mesozoic
sediments of the Adriatic carbonate platform (Pami�c et al., 2004;
Hrvatovi�c and Pami�c, 2005). Low temperature thermochrono-
logical dating of the exhumation that have inferred ages
~42e27 Ma and 29e24 Ma for zircon fission tracks and U-Th/He,
and ~7e5 Ma for apatite U-Th/He (Casale, 2012; Hrvatovi�c et al.,
2015). These ages have been interpreted to reflect the exhuma-
tion of a Cordilleran-type core complex, although the location and
kinematics of the controlling detachment and its relationship with
the Busova�ca Fault are largely unknown. This Miocene fault was
inferred to be inverted with a dextral transpressive component
during Pliocene times (Hrvatovi�c, 2006).

Previous studies (e.g., Milojevi�c, 1964) have inferred that the
continental basin fill was deposited during four main cycles, the
timing of their deposition being constrained by an incomplete
biostratigraphy (Fig. 2). The deposition of the ~800 m thick Oligo-
cene - Lower Miocene sediments outcropping in the NE part of the
basin (Figs. 2 and 3) started with an overall transgression of con-
tinental alluvial clastics deposited over an unconformity above the
Bosnian Flysch turbidites. The transgression established gradually a
lacustrine environment with widespread carbonatic deposition in
the basin centre, while thick sequences of coal (i.e. Ko�s�can coal,
Fig. 2) alternating with alluvial sediments were deposited in tran-
sitional areas. This was followed by a generalized regression and
deposition of red alluvial clastics locally overlain by bituminous and
porous limestones, as observed in the northern part of the basin.
Superposed over this overall pattern, a higher order cyclicity inside
these Oligocene - Lower Miocene sediments is suggested by the
observed alternation between alluvial clastics, coal deposition and
shallow water carbonates. Previous interpretations have inferred
the deposition of at least two cycles during this time span, sepa-
rated by a sub-aerial unconformity (Mufti�c, 1965; Milojevi�c, 1964).

The deposition of the second, ~1500 m thick, Lower-Middle
Miocene sedimentary cycle (Fig. 2) started most probably not
earlier than 17 Ma (de Leeuw et al., 2012). The onset of a new
transgression is documented by the dominant deposition in a
paludal and marshy environment, where nine coal seems were
accumulated and are intercalated with continental clayey sand-
stones and mudstones that are ultimately overlain by shallow
water lacustrine limestones. These are further overlain by the
gradual onset of a laterally variable sequence that starts with thin
bedded marls and silts. These are gradually and laterally replaced
by sandstones and conglomerates in a coarsening upwards pattern.
This coarse part of the basin fill is named La�sva Series and changes
laterally from thick conglomerates of up to 1000 m thick to a few
hundredmetres thick alternations of sandstones andmarls towards
the SE (Milojevi�c, 1964). The clastic material was derived from the
Bosnian Flysch in the NE and Mid-Bosnian Schist Mountains in the
SW (Jovanovi�c et al., 1971). These sediments are overlain by the
Ko�sevo Series composed of marls, coals and limestones that indi-
cate a gradual drowning of a swamp environment and the creation
of a perennial lake (Milojevi�c, 1964). These deposits are overlain by
the 200 m Orlac conglomerates and 200 m Pliocene alluvial sedi-
ments. The latter were deposited over a larger area transgressing
over the Mid-Bosnian Schist Mountains (Milojevi�c, 1964). The
present geometry of the basin shows generally younger sediments
towards the SW. The exception is the Upper Miocene - Pliocene
deposits that are observed in synforms (or “depressions”) in the
north, south and western margin of the basin (Fig. 3).

3. Methodology

The excellent exposures together with good lateral continuity of
outcrops in the Sarajevo-Zenica Basin have allowed the correlation
of fault kinematics with depositional history. The mapping was



Fig. 2. Tectonostratigraphic column of the Sarajevo e Zenica Basin. Stratigraphic ages, description, depositional cycles, thickness and lithostratigraphy modified after Milojevi�c
(1964). Tectonic system tracts and events are results of the present study.
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performed along cross-sections by following the main valleys
cross-cutting the basin. These were correlated by a large number of
isolated outcrop observations (Fig. 3). The sense of shear along
faults and shear zones was derived from common kinematic in-
dicators such as Riedel shears, drag folds or slickensides. The
relative timing of deformation was defined based on cross-cutting,
stratigraphic and offset relationships. The syn-kinematic deposits
are commonly observed as clastic wedges in the hanging-wall of
normal faults, footwall or hanging-wall of thrusts sealed by fine-
grained sediments. Whenever the size of syn-kinematic wedges
was larger than the outcrop (i.e. the post-kinematic sedimentation
not visible in outcrop), the wedges were detected based on variable
offsets across faults, which decrease upwards in the stratigraphy.
When deformation structures and their associated syn-kinematic
wedges were tilted by subsequent tectonic events, their geometry
was restored by using the positions of conjugate normal or reverse
faults and/or the attitude of immediately overlying strata. Note that
this original attitude could have been close to horizontal in the case,
for instance, of a deltaic plain or prodelta, or inclined up to 30� in
the case of original sedimentological slopes such as deltaic fronts.
We have separated tectonic phases based on the type of deforma-
tion and higher-order tectonic events based on consistency of ki-
nematics with stratigraphic time (Fig. 4).
The detailed sedimentological study was based on field map-
ping and logging of facies units in cross-sections across the basin
with special focus on lateral prolongation of facies units, the ge-
ometry of syn-kinematic deposits and stratigraphic surfaces. Facies
units were defined based on sedimentary structures and textures,
geometry, upper/lower boundaries, thickness, fossil content and
color (Table 1, e.g., Leppard and Gawthorpe, 2006; Ielpi, 2012).
These facies units were subsequently grouped in facies associations
(Table 2, e.g., Melchor, 2007; Strachan et al., 2013). Following a
typical sequence stratigraphic approach (e.g., Jackson et al., 2005),
stratigraphic surfaces were identified based on the contact type
between facies associations, associated depositional trends and
subsequent stratal terminations across boundaries.

Similar with other sequence stratigraphic studies in tectonically
active regions (e.g., Hinsken et al., 2007; R�ab�agia et al., 2011), we
have used a combination of different sequence stratigraphy tech-
niques to define genetically related strata (i.e. systems tracts) and to
correlate them with observed tectonic events. The evolution of the
depositional environment during episodes of enhanced tectonic
activity was defined using transgressive-regressive sequences
(sensu Embry and Johannessen, 1992). The first step was grouping
retrogradational-progradational facies associations. Converting
these geometrical patterns into transgressive-regressive



Fig. 3. Simplified kinematic and sedimentological map of the Sarajevo-Zenica Basin (modified from Milojevi�c, 1964 with the results of the present study) with structures active
during different deformation events. The Oligocene - Lower Miocene depositional cycle formed in response to the first phase of contraction. The Lower-Middle Miocene depositional
cycle formed in response to the phase of extension. The post-Middle Miocene depositional cycle formed in response to the last phase of contraction. Thin black arrows, lines and
green dots mark the locations of the profiles and outcrops in Figs. 5e9 and 14. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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stratigraphic sequences relies on the specific structural evolution of
asymmetrical extensional systems that creates continuous footwall
exhumation and a gradual migration of faulting in time and space.
As long as erosion is detected over the footwall, the onlap of the
lacustrine facies units is coastal. This corresponds generally with
the sub-aerial erosion and coastal deposition observed in studied
outcrops. Therefore, a direct interpretation of these geometrical
patterns in stratigraphic sequences is possible: the sub-aerial
erosion, combined with the coastal onlap and the correlative
maximum regression surface, defined by the geometry of the facies
associations (e.g. Helland-Hansen and Martinsen, 1996), is an
expression of the composite surface that bounds a Transgressive e

Regressive (TR) sequence (Embry and Johannessen, 1992). The syn-
kinematic deposition against gradually migrating normal faults
provides the control over the coeval nature of erosion and sedi-
mentation, whenever available. Themaximum flooding surfacewas
defined in the field by downlapping patterns of distal facies asso-
ciations (e.g., Posamentier and Allen, 1993; Jackson et al., 2005).
Such a downlapping surface was observed only in a few places.
Whenever this was not available, the maximum flooding surface
was approximated as the transition between retrogradational and
progradational depositional trends. Such an approximation affects
inherently the definition of individual systems tract, but not the
one of sequences.

The correlation between kinematic and sedimentological ob-
servations was done extensively for the Middle - Late Miocene
extensional phase that still retains a large number of syn-kinematic
deposits observed in outcrops. The Oligocene - Early Miocene and
Latest Miocene - Pliocene contractional phases retained just a few
syn-kinematic geometries and, therefore, are less described in our
sequence stratigraphic analysis.

4. Basin kinematics

Three phases of deformation were recognized in the basin. The
first NE-SW oriented phase of thrusting (Fig. 5) and basin subsi-
dence was followed by large scale NE-SW and E-W extension
(Figs. 6e8). The last N-S shortening phase (Fig. 9) was characterized
by variable structures across the basin.

4.1. Initial shortening

The first deformation phase (Fig. 4a) was characterized by NE-
SW contraction observed only in Oligocene - Lower Miocene



Fig. 4. Kinematics of deformation phases and individual tectonic events recorded in the Sarajevo e Zenica Basin. a) Stereoplot with faults associated with the Oligocene e Lower
Miocene phase of contraction; b) Stereoplots with faults formed during the Middle Miocene phase of extension. 1e3 are the individual normal faulting events detected by our study:
4 e normal faults observed in older sediments without separating individual events; c) Stereoplot of structures formed during the Late Miocene e Pliocene phase of contraction, 1 e

stereoplots of reverse faults; 2 e stereoplots of fold axes; 3 e stereoplots of strike-slip faults; 4 e stereoplots of transfer/tear strike-slip faults formed due to the inversion along
oblique ramps. Red circles, triangles and squares are projections of the mean compressional, intermediate and tensional stress for each fault set calculated using PBT method (e.g.,
Delvaux and Sperner, 2003). Grey circles, triangles and squares are projections of the measured p, b and t axes, respectively, for each fault in the data set. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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strata that outcrop along the NE basin margin. Locally, clear syn-
kinematic depositional wedges and onlaps over the flank of
thrusts and anticlines demonstrate that shortening was coeval with
sedimentation. Typical structures can be observed in the Bijele
Vode profile (NE of Kakanj, Figs. 3 and 5a), where contraction along
oblique-slip NNW-SSE trending thrusts with a top SW sense of
transport was associated with syn-kinematic deposits onlapping
the hanging-wall of faults (Fig. 5a, b). These syn-kinematic wedges
thin and pinch-out in the hanging-wall of thrusts. The reverse fault
concentrated its slip along the rheological contrast between basin
limestones and soft mudstones and is observed as a fine-grained
foliated fault gouge with shear-bands characterized by a brittle S-
C fabric (Fig. 5c). Other thrusts are associated with the formation of
clastic wedges and are sealed by subsequent deposition of finer
grained sediments, while onlaps and pinch-outs show syn-
kinematic character (Fig. 5e). The overall profile shows intense
deformation with tilted strata (Fig. 5b). Similar thrusts or high-
angle reverse faults with oblique components of movement were
observed also elsewhere along the NE margin of the basin (Fig. 4a),
although syn-kinematic indicators of deposition were not always
obvious.
4.2. Large scale extension

The second phase of deformation observed (Figs. 3 and 4b) was
extensional and resulted in the formation of normal faults that
rarely display an oblique component of movement, either sinistral
or dextral. Exceptionally well-developed Lower - Middle Miocene
syn-kinematic sediments were observed in the La�sva Series, where
the normal faults were buried beneath uppermost Miocene -
Pliocene deposits and exhumed by subsequent inversion. The syn-
depositional character of faults is recognized by the observation of
clastic wedges in the hanging-wall, usually covered by fine-grained
sediments (Figs. 6 and 8). Faults have variable orientations and
gradually changed kinematics with time and along their strike
(Fig. 4b), but the dominant strike of large offset faults that control
the variations in thicknesses and formation of large sedimentary
wedges is NW-SE and N-S with a dominant top-NE to E sense of
tectonic transport. Normal faults cross-cutting older pre-kinematic
sediments generally show a large spread of extension directions
(Fig. 4b4). The stratigraphic correlation of syn-kinematic wedges
has allowed the separation of three successive events during this
extensional phase (Fig. 4b1-3). These events are in fact the



Fig. 5. Example of syn- and post-depositional structures formed during the first phase of thrusting. a) geological cross-section along the Bijele Vode profile, location in Fig. 3. Note
the syn-depositional reverse faulting; b) Reverse - sinistral fault (top SW) in Oligocene e Lower Miocene sediments with onlapping of syn-kinematic siliciclastic sediments over the
earlier deposited shallow-water limestones. Oblique slip normal faults with lower offsets post-date the deposition. Location in Fig. 5a; c) Detail on the kinematics of the main
reverse fault in Fig. 5b with layer parallel slip accommodating the shearing along brittle shear-bands with S-C fabrics developed in poorly consolidated sediments; d) Brecciated
nodular limestone intercalated within a mudstone matrix that was deposited at the same time with the limestones in Fig. 5b. The overall structural geometry shows asymmetric
folding with SW vergence. e) Syn-depositional reverse faulting within the Oligocene e lower Miocene alluvial sediments. Location in Fig. 5a.



Fig. 6. Example of syn-depositional structures formed during the middle Miocene extensional phase. a) Geological cross section along the La�sva valley with normal faults formed
during the three individual events. Note that structure 3b is the Busova�ca Fault that is not exposed along the profile. This fault was interpreted based on basin geometry and
geophysical surveys by previous studies (Hrvatovi�c, 2006). The numbering reflects the evolution in time of normal faulting; b) Stereoplots of normal faults formed during the
extensional phase for extensional deformational phase, 1 e first event of normal faulting; 2 e second event of normal faulting; 3 e third event of normal faulting. Orange dots
represent pole of the bedding plane used to back-tilt the fault; c) syn-kinematic wedge formed against a normal fault in coarse conglomeratic deposits; d) Listric normal fault with a
low degree of subsequent tilting; e) Normal fault with a high degree of subsequent tilting. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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progressive evolution of a normal fault set (consisting of threemain
faults) branching from a common, nearly horizontal detachment
located at the base of the Bosnian Flysch (see below). Such a high-
resolution mapping of kinematics and fault evolution with time
was possible because the separation of these events and grouping
of faults is based on the superposition of the numerous available
syn-kinematic wedges with stratigraphic time and not on the
consistency of extensional directions.

The first event of normal faulting (Fig. 4b1) indicate a NE-SW
extensional direction with limited deviations likely related to
local rotations around vertical axis during the subsequent phase of
latest Miocene - Pliocene contraction. These faults have large off-
sets, usually more than 10 m, but locally exceed the 10e20 m scale
of outcrop observation. These faults were also tilted by subsequent
normal faulting near the SW margin of the basin or by later
contractional thrusts and folds. The second event of extension was
generally ENE-WSW oriented (Fig. 4b2). The normal faults have
NW-SE to NNE-SSW strikes with a significant component of oblique
slip along N-S oriented faults (Fig. 4b2). In outcrops, the inclination
of these faults range from 25� to 70�, but this value becomes always
around 60� after back-tilting of bedding to its original depositional
position. This indicates that similar oriented extensional faults
were subsequently tilted by the last extensional event or the sub-
sequent phase of contraction. The third event of normal faulting
indicates ESE-WNWoriented extension (Fig. 4b3), fault orientation
showing deviations from N-S to NNW-SSE with oblique slip to
strike-slip components of movement. These faults indicate less to
no subsequent tilting from their original 60� dip in rheologically
strong lithologies, such as conglomerates, near the SW margin of
the basin.

Normal faults have planar or listric surfaces defining high or
low-angle fault planes with respect to the (tilted) stratigraphy
(Fig. 8). High-angle normal faults dip 50e60� in conglomerates.
Whenever fault gouge material is made up by softer sediments
(such as marls), it forms a clear foliation subsequently truncated by
a shear fabric showing a kinematic direction of transport (Figs. 6e
and 8a). A large number of normal faults display low angle seg-
ments in the soft sediments, particularly well visible in the NE part
of the basin (e.g., Fig. 8b). This indicates either original low-angle
normal faulting in rheologically weak sediments (LANF segments,
e.g., Pedrera et al., 2012) or subsequent exhumation of the listric
low-angle level of normal faults. The latter is visible by faults
becoming listric and low-angle at rheological contrasts. This ge-
ometry is observed, for instance, as decollements accommodating



Fig. 7. Example of syn-depositional structures formed during the middle Miocene extensional phase. Location of the profile and outcrops are marked in Fig. 3. a) Geological cross
section along the Fojnica valley with the normal faults formed during the three extensional events. Note that structure 3b is the Busova�ca Fault that is not exposed along the profile.
This fault was interpreted based on the basin geometry and geophysical surveys by previous studies (Hrvatovi�c, 2006). The numbering reflects the gradual evolution in time of
normal faulting; b) Stereoplots of normal faults formed during extensional events, 1 e first event of normal faulting; 2 e second event of normal faulting; 3 e third event of normal
faulting. Orange dots represent pole of the bedding plane used to back-tilt the fault; c) Interpreted photo illustrating a syn-kinematic clastic wedge formed above an eroded normal
fault footwall. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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penetrative layer-parallel shear at the contact between coarse (and
thick) sedimentary units, such as conglomerates and sandstones,
and fine (and thin) sedimentary units, such as siltstones and
mudstones (Fig. 8b). Low- and high-angle normal faults intersect
and provide crosscutting criteria in syn-kinematic wedges (Fig. 8b).
Normal faults locally truncate earlier syn-kinematic wedges asso-
ciated with the Oligocene - Early Miocene thrusting and their
associated unconformities (Fig. 8d). In such situations, tilting of
sediments during thrusting can be differentiated from the one
created by the subsequent normal faulting. The listric normal faults
dipping NE-wards show a gradual migration of deformation to-
wards their SW-ward located footwall, demonstrated by the su-
perposition of syn-kinematic wedges (Figs. 7c and 8c). This is a
critical observation that is valid for the extensional phase at the
scale of the entire basin. It can be best studied in two profiles
constructed along the main valleys crossing the basin, i.e. the La�sva
and Fojnica (Figs. 6 and 7). In these profiles, the superposition of
syn-kinematic wedges demonstrates that faulting gradually
migrated in a footwall direction towards the youngest Busova�ca
Fault. Outside this fault, the geometrical relationships show that
numerous outcrop-scale normal faults are generally connected to
three major structures at depth that cumulate larger offsets, which
correspond to the three successive deformation events (1e3 in
Figs. 6a, b and 7a, b). The average normal fault strike is NW-SE with
top NE-transport direction indicating an average NE-SW extension,
although many variations are observed including oblique and
strike-slip faults (Figs. 6b and 7b). The syn-kinematic sedimenta-
tion is frequently coarse conglomeratic and is associated with
smaller-offsets synthetic and antithetic normal faults (Figs. 6c and
7c). Faulting was associated with significant footwall uplift, which
is documented by erosion of fault planes that removed large parts
of the overlying coarse conglomeratic deposits (Fig. 7c). This
erosion created gentle slopes buried by subsequent prograding
wedges. The overall offsets are variable from few centimetres to
more than 10 m (e.g., Fig. 8). Hanging-wall antithetic rotations til-
ted previously formed faults and their footwalls, which resulted in
lower inclinations of synthetic fault planes against inclined bedding
(Fig. 7a). The cumulative offset of all normal faults observed is in the
order of 1 km, which corresponds roughly with the stratigraphic
thickness of the La�sva unit in the proximal conglomeratic area.



Fig. 8. Field examples of the relationship between normal faulting and sedimentation. Location of outcrops is shown in Fig. 3. Note the orange dots represent pole of the bedding
plane used to back-tilt the fault. a) Fault gouge with internal cataclastic foliation in unconsolidated clays and sandstones within syn-kinematic conglomeratic deposits; b) Listric
ramp-flat geometry truncated by subsequent higher angle normal faults in syn-kinematic conglomeratic deposition. The decollement layer is made up by siltstones; c) Back-
stepping migration of normal faulting at outcrop scale in syn-kinematic deposition. The latter are visible by a wedge geometry in the local deposition; d) A top to the NE
normal fault cross-cutting the pre-kinematic Oligocene continental clastics with paleosoil horizons marking the bedding (black line) and lacustrine marls deposited above an
erosional unconformity (yellow line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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When adding the offset of the SW-most fault that could not be
estimated (Figs. 6a and 7a), the total offset is likely much higher.
4.3. Final basin inversion

The third deformational phase (Fig. 4c) produced reverse faults,
asymmetric folds and a large number of tear faults that affected
both the underlying basement and its Mesozoic cover, and the
overlying basin fill (Fig. 3). The overall contraction direction is N-S
oriented, observed both in faults and folds, with a large number of
deviations along structures that display local strain partitioning.
This is caused by inversion along oblique ramps, which in fact are
the dominantly NW-SE striking normal faults formed in the pre-
vious deformation phase. In the basin, this oblique thrusting
created a large number of tear faults as observed by N-S striking
dextral faults (Figs. 3 and 4c3-4) formed by thrusting over the NW
oriented segments of oblique ramps. They are also associated with
sinistral conjugate faults with comparatively smaller offsets.
The N - S to NNW-SSE contraction was also accommodated by a
large number of folds that are observed mainly in the finer turbiditic
or deep-water pelagic sequence, while the coarse grained sequence
deformed mainly by thrusting. Individual folds are symmetric, tens
of meters wide with generally E-W oriented axial planes (Fig. 4c2),
often with hinge collapse or parasitic folds along their flanks
(Fig. 9a). When associated with thrusts, folds become asymmetric
(e.g., Fig. 9c), with axial planes of variable inclinations from 20 to 80�.
Thrusts vergence is both N- and S-wards. Shortening accommodated
by folding is variable, as indicated by wide and open anticlines and
synclines that laterally change into tight and overturned folds
formed near major thrusts characterized by ramp-flat geometries
(Fig. 9c). Decollement levels, i.e. flats, are usually localized in finer
sediments (shales, silts) that are deformed inwide shear zones with
shear-bands like geometry (Fig. 9b) accommodating large (i.e. tens of
meters) layer parallel offsets. Folding was associated with the local
formation of a pervasive cleavage that was subsequently sheared in
the footwall of major thrusts (Fig. 9d).



Fig. 9. Interpreted photos with field examples illustrating the last Late Miocene e Pliocene phase of basin inversion. Location of outcrops is shown in Fig. 3. The black lines represent
bedding planes, yellow lines are cleavage and blue lines depict fault planes. a) typical folding patterns in central basin turbidites with the core of the anticline associated with hinge
collapse and parasitic folding; b) layer parallel shear in silts and marls with drag-folding along the flat part in a typical ramp-flat thrusting geometry; c) ramp flat geometry of a
thrust deforming middle Miocene deposits; d) Reverse shear along a cleavage plane associated with minor folding; e) layer parallel shear zone (left) associated with the formation of
cleavage (right) in the footwall syncline of an inverted normal fault. Some of the pre-existing normal faults in the basins retained normal slip at depth associated with anticlinal
growth in the younger successions. The black triangle represents the fining upward trend; f) Outcrop example of a negative flower structure with dextral NW-SE oriented slip. At
regional scale, it represents a tear fault accommodating slip along a lateral ramp truncating earlier deposited conglomerates. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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5. The evolution of sedimentary environments during the
Early e Middle Miocene

The Early-Middle Miocene sedimentary infill consists of suc-
cessions of alluvial-deltaic conglomerates and sandstones (La�sva
series of Milojevi�c,1964) that are laterally replacedwithmore distal
prodelta lacustrine turbidites, slumps, or more profundal lacustrine
deposition (the Transition zone of Milojevi�c, 1964). The sedimen-
tological mapping has separated 18 facies units (Table 1), which are
grouped in the 13 facies associations (Fig. 10, Table 2) described
below.
5.1. Alluvial fan system

The alluvial system is well observed along the entire SWmargin
of the basin, usually juxtaposed against eroded fault scarps. The
overall geometry shows wedging, thickening towards the footwall
and pinching out in the opposite hanging-wall direction. The size of
wedges is highly variable, from tens of meters to tens of decimetres.
The more proximal part of the alluvial system can be generally
described by two facies associations (A1 and A2, Table 2).

The proximal alluvial fan facies association A1 consists of pebble
to boulder breccias and conglomerates (Figs. 10 and 11a). The base
of this facies is a sharp boundary and/or erosional unconformity
and is gradational towards the adjacent facies associations (A2 and
B1). The angularity and clast size suggest a short distance transport.
Table 1
Lithofacies units separated in the Sarajevo-Zenica basin. The codes used and their interp
studies (Bouma et al., 1962; Postma, 1990; Miall, 1996; Talling et al., 2012).

facies
units

description

Gcm clast-supported cobble (boulder) to pebble size (breccia) conglomerates with
subangular to subrounded clasts; poor sorting; massive; plane base

Gmm matrix-supported cobble (boulder) to pebble size (breccia) conglomerates in fi

subrounded with/without chaotically distributed mud clasts; poor sorting; lac
base with sharp grain size break at the boundaries; bed thickness varies from 0
beds with thickness >10 m

Gh clast- to matrix-supported pebble to cobble size conglomerates; moderate sor
sometimes no grading; crude horizontal stratification; planar base; bed thickn
lateral extension tens of meters

Gp clast- to matrix-supported cobble to pebble conglomerates; subrounded to ro
bedding, imbrication; erosional bases; bed thickness varies 0,3 �1,3 m

Gt clast- to matrix-supported pebble to cobble conglomerates; subangular to sub
weak sorting; erosional basal surface; graded or ungraded; bed thickness vari

Sr coarse to fine sandstones; well sorted with ripple cross-lamination; thickness

Sm medium to coarse grained sandstones; poorly sorted; no internal structure w
pebbles

Sh fine to coarse grained sandstones; horizontal bedding; slightly erosional base

St medium- to fine-grained sandstones; well sorted; rounded clasts; weak norm
grouped cross-bedding

Fl fine sandstones interbedded with siltstones and mudstones sometimes with s
massive; bed set thickness less than 10 cm

Ta coarse- to medium-grained (pebbly) sandstones with lowmatrix content; med
grading or no grading; mud chips aligned in certain levels; erosive or planar b

Tb medium-grained sandstones; parallel lamination; poor vertical overall gradin
Tc medium- to fine-grained sandstones; well sorted, low matrix content; asymm

climbing ripples; laminae can be convoluted; tapering shape of sandstone bed
ripples are draped by organic matter

Td fine sandstones to siltstones; parallel lamination result of the alternation of 1
siltstones laminae; can resemble FU grading trends

Te fine siltstones and mudstones; not stratified, but may exhibit parallel laminati
grey to light grey color

L beige mudstones; laminated with wavy to planar bedding; upper and lower b
sometimes can be mottled with reddish fakes; lens body geometry; include fos
varies from >1 to 15 cm

Md mudstones, light brown; lack of internal structure; no fossils; tabular with gra
below; bed thicknesses is up to 1 m
This is in agreement with clast composition, which corresponds to
the metamorphic and magmatic lithologies of the neighbouring
Mid-Bosnian Schist Mountains and their Mesozoic cover. Giving the
usual location in the immediate hanging-wall of normal faults, this
facies association formed due to fault scarp degradation and
deposition by rockfalls and debrisfalls (e.g., Postma and Drinia,
1993; Leppard and Gawthorpe, 2006).

The proximal to middle alluvial fan facies association A2 is
composed of amalgamated sheets of pebble to cobble size con-
glomerates and coarse-grained sandstones (Fig. 10). Laterally, these
conglomerates are interbedded with or overlain by thin layers of
fine sandstones and siltstones that contain often water escape
structures. The latter structures together with the large grain size
and high angularity of clasts indicate rapid deposition near the
source area from unconfined sheet floods and mass flows events in
the proximal to middle alluvial fan environment (e.g., Nemec and
Steel, 1984; Miall, 1985). Laterally, the A2 facies association is
inter-bedded with or overlain by B1 and B2 associations.

Facies association B1 comprises of conglomerates and sandstones
which are usually amalgamated, cutting each other vertically and
laterally forming multi-storeys bodies (Table 2, Figs. 10 and 11b),
where each store is bounded by an erosional surface and preserva-
tion of the fine-grained intercalations is low. Laterally, B1 passes into
B2 facies association. The B2 facies association includes laminated
siltstones and claystones intercalated with thin layers of organic rich
clay or isolated channels of fine- to medium-grained sandstone and
retation follow the general standardisation described in previous sedimentological

interpretation

low amount of granula matrix; cohesionless debris flow, granular flow

ne sand/mud matrix; subangular to
k of vertical grading; non-erosional
,4 to 1,5 m, very often amalgamated

cohesive debris flow

ting; weak normal grading,
ess varies from 25 to 40 cm with

sheet flood deposits, longitudinal bars, lag
deposits

unded; weak sorting; planar-cross transverse bedforms

rounded; through cross-bedding;
es from 0,3 to 2 m

channel fill

of bed set is <20 cm ripples-lower flow regime, overbank stream-
flood deposits

ith/without scattered granulas and subareal to subaqueous cohesionless debris
flow;

; beds 7e20 cm thick plane-bed deposits under subaerial sheet
flows or stream flows

ally graded or ungraded; solitary or megaripple under subareal sheet flows or
stream flows

cattered granulas; laminated or deposition from suspension of waning floods
or abundant channel

ium to good sorting; vertical normal
ase

high density turbidity currents

g high/low density turbidity currents
etric ripple cross-lamination/
s; sometimes the steeper sides of

low density turbidity currents

e2 mm thick fine sandstones and low density turbidity currents

on marked by well sorted silt; dark suspension fall-out from waning low density
turbidity currents or cohesive density flow

oundaries are sharp and plane;
sil fragments (ostracods); thickness

lagoon, shallow lake to back-swamp
suspension, background deposition

dual contact with units above and inorganic lake precipitation



Table 2
Summary of facies associations interpreted in the Sarajevo-Zenica basin.

Depositional
environment

Facies
associations
code

Facies code
(see Table 1)

Description Inferred depositional process

Alluvial
fan

proximal A1 Gcm, Gmm Wedge-like packages of red structureless coarse-grained conglomerates with
variable amounts of matrix. Angular to subangular basement-derived clasts varies
from 2 cm to 2 m in size with scarce blocks of 2,5 to 3 m. Tectonic (i.e. fault scarps) or
erosional contact towards the adjacent basement or basin fill. It may exceed 20 m in
thickness. Locally truncates A2 and B1.

Colluvial rockfall and debrisfall deposits originated from variable degree of rolling
and sliding of fragments down the slope before deposition. They are deposited in the
lower part of the slope (fault escarpment). The lithological nature of the clasts
suggests small catchment area restricted to BSMts (footwall, e.g., Postma and Drinia,
1993; Longhitano et al., 2015).

A2 Gmm, Gcm,
Sm, Sh, minor
Gp, Sr, Gh

Sheet-like packages of red coarse-to medium-conglomerates intercalated with
coarse-grained sandstones. Subrounded to subangular polimictic clasts may show
imbrication. The lower and upper boundaries are plane and slightly erosional.
Thickness varies from 2 to 5 m. Locally truncates B1 and B2.

Deposition from flood-related braided flows dominated by sheet flows combined
with debris flows. This association of depositional processes is typical for deposition
in the proximal to middle alluvial fan (e.g., Miall, 1985; Nemec and Postma, 1993).

distal B1 Gp, Gcm, Sm
minor Gh, Sh

Channelized to sheet like packages of redmedium-to fine-grained conglomerates and
sandstones with scarce siltstones. The lower and upper boundaries of channelized
conglomerates and sandstones are wavy and erosional. The sheet-like packages show
subhorizontal bedding marked by abrupt change in the grains size.

Deposition from dominantly subareal braided-stream flows and sheet flows, rarely
intercalated with debris flow deposits i.e. high-energy and bedload dominated flows
in the bride-plain environment (e.g., Nemec and Postma, 1993).

B2 Sm, Fl, Sh, St Tabular packages of (wavy or parallel) laminated siltstones and (organic-rich)
claystones intercalated with finegrained sandstones. The siltstones and claystones
may havemudcracks or iron crust and/or bemottled. They are irregularly intercalated
with poorly sorted medium-grained sandstones and granula-conglomerates. The
geometry of these intercalations varies from channel- to lobe- and sheet-like.
Alternates with B1 and C0.

Deposition from subareal waning flows combined with suspension fall-out in the
overbank environment often interrupted by flooding events (e.g., DeCelles et al.,
1991; Ielpi, 2012).

Pond/shallow water
lake system

C0 Fl, L, Sh, Sm Lense-like packages of (wavy or parallel) laminated beige mudstones intercalated
with single bed, or subordinately bed sets of fine- to medium - grained sandstones or
angular granula conglomerate. The mudstones can be bioturbated with mottled
upper surface. The mudstones include Ostracodes.

Deposition by particle settling in low energy environment; lagoon or ponds in the
marginal lake environment with rare debris flows resulting from flood events (e.g.,
Melchor, 2007; Ielpi, 2012)

Deltaic
system

delta
plain

C1 St, Gcm, Sh,
Sr, Gt

Channelized packages of trough-cross bedded medium- to coarse-grained
conglomerates interbedded with sheetlike packages of coarse- to medium-grained
sandstones and conglomerates. The clasts are subrounded to rounded. The channel
lag comprises of pebble to cobble size conglomerates. The layers thickness varies
from 0.5 to 2 m. These layers are intercalated with thin (up to 20 cm) medium- to
fine-grained sandstones with wavy and ripplecross lamination. The packages are
organized in the coarsening- and thickening-upward sequences. Gradually passes
into D1 downslope.

The thick layers of sandstones and conglomerates were deposited from stream, sheet
and debris flows recording periods of bedload river floods at the river mouth. The
sandy intercalations resulted from lower flow regime, waning flows or by reworking
during periods of quiescence (e.g., Colella, 1988; García-García et al., 2006).

delta
slope

D1 Gcm, Sm,
minor Ta-c

Sheet-like packages of coarse- to medium-grained conglomerates and sandstones.
The bed thickness varies from 0,3 m to 2, 5m. The scattered pebbles (even boulders of
BSMts) suggest horizontal bedding in amalgamated beds. They are interbedded with
5e15 cm thick fine-grained sandstones and siltstones.

Combination of multiple depositional processes: dominated by the debris flow, grain
flow and lesser influence of turbidity currents typical for aggradational and
progradational delta slope. The flows originated by hyperpicnal mixing of river and
lake water due to high sediment input during fluvial flooding events (e.g., Prior and
Bornhold, 1988; Colella, 1988).

D2 Gcm, Sm, Ta-e Channelized to sheet like packages coarse-to medium- grained sandstones engulfed
in fine-grained sandstone to siltstones. Package thickness varies from 3m to 5 m. The
package show coarsening- and thickening-upwards.

Deposition dominantly from high energy and concentrated turbidity and debris flows
on the erosional slope of a delta (e.g. Leppard and Gawthorpe, 2006).

proximal
prodelta

E1a Sm, Gmm, Ta-
e

Sheet- to wide lobate and channel - like packages of coarse- to medium-grained
sandstones, siltstones and mudstones with rare influxes of medium-to fine-grained
conglomerates with/without rip-ups. Subordinately, this unit may include lobe-like
geometry of the layers and slumped intervals. This is a downslope equivalent of D1.

Deposition from turbidity currents and debris flow deposits in the toe of the slope,
proximal prodelta settings (e.g., Leppard and Gawthorpe, 2006; Strachan et al., 2013).
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pebbly sandstone crevasses (Table 2). The immersion surfaces are
marked by red iron-rich crusts and mottled structures developed in
silts and palustrine carbonates. The channelized system of B1 facies
association has an unconfined character and was deposited in a high
energy/discharge braided plain of a delta fan (e.g., Nemec and
Postma, 1993). Furthermore, B2 facies association are floodplain
deposits deposited in a quiet, low energy environment, with
confined channels in the braided plain delta fan (e.g., Miall, 1985;
Paveli�c and Kova�ci�c, 1999). The distal fan facies often alternates
with the C0 facies association described below, which may be the
result of avulsion of distributary channels, increasing the sediment
discharge due to flooding, or cyclic activity of normal faults (e.g.,
Gawthorpe and Colella, 1990; DeCelles et al., 1991).

5.2. Pond/shallow water lake system

The facies association C0 is composed dominantly of thinly
bedded mudstones interrupted by isolated channel-like coarse
sandstones and breccias (Table 2, Figs. 10 and 11c). Sometimes, it
may containmottled top part of a layer. This facies association often
has a wedge geometry, rarely includes lenses, and is thickening
towards the centre of the basin. It is usually intercalated between
B2 and C1, and is frequently downlapped by the B1 facies associa-
tion. Red alteration layers in carbonates indicate local pedogenesis
(i.e. mottled, e.g. Ielpi, 2012). The carbonate deposition is often
associated with lacustrine ostracods that indicate suspension
settling in a shallow lake/pond environment. This is periodically
supressed by channels feeding a mouth bar system or occasional
flooding events (e.g. Melchor, 2007).

5.3. Deltaic system

Facies association C1 consists of channelized and tabular con-
glomerates and sandstones (Table 2, Figs. 10 and 11d) usually
organized in coarsening and thickening upward packages. The
observed erosion, trough cross-bedding and finning upwards
indicate migration of channels and bars under hyperpycnal flow in
the place where a river discharges in a body of stagnating water
(Fig. 11d) (i.e., a delta plain, e.g. Postma, 1990; García-García et al.,
2006).

The facies association D1 consists of cobble to pebble con-
glomerates and coarse- to medium-grained sandstones (Fig. 10),
often marked by outsized clasts of Mid-Bosnian Schist Mountains
(Fig. 11e). The flows were induced on the sedimentological slope by
discharging a coarse-grained alluvial bedload during flooding
events or more likely by grain flow from an unstable delta slope
(e.g., Prior and Bornhold, 1988). They show tabular and wide lobate
bed geometries parallel to the basin margin and basin tapering
wedges along the flow profile. The D1 may have sharp and flat, or
gradational contacts to the adjacent facies associations (B1, C1 up-
slope and E1a down-slope) and general coarsening-upwards
trends. D2 facies associations include wide channel to sheet-like
coarse- to medium-grained sandstones facies (Fig. 10). Erosion,
stacked channels and scarcity of tabular beds indicate deposition
from unidirectional flows bypassing and depositing material
downstream (e.g., Mulder and Alexander, 2001; Leppard and
Gawthorpe, 2006). This can be observed also in the lateral transi-
tion to facies association E1a and E1b described below.

Facies association E1a contains dominantly coarse- to medium-
grained sandstones interbedded with siltstones and mudstones
facies (Table 2, Fig. 10). The tabular to wide lobate and channelized
turbiditic layers are interrupted by slumps (Fig.11f). Slumped layers
contain a mixture of coarse grained clasts up to boulder size and
rip-up clasts of parallel laminated layers of slope sediments sup-
ported by a fine sandstone/siltstone matrix. They represent



Fig. 10. Grouping of lithofacies units into facies associations.
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material that was deposited at the toe of the slope due to
avalanching along the unstable steep slope (e.g., Postma, 1984;
Strachan et al., 2013). Downwards the slope, E1a gradually passes
into E1b.

The E1b facies association is characterized by isolated channel-
like sandstones facies engulfed within siltstones and mudstones
(Table 2, Figs. 10 and 11g). The sandstones are poorly to medium
sorted with subangular to subrounded fragments of schists and
limestones. The grain size, thickness and frequency of sandstones
increases upwards from fine- to coarse-grained. This means an
increase of terrigenous material input by erosion of a rejuvenated
footwall and deposition by a feeding system with unidirectional
concentrated flows further basin-ward (e.g. Lowe, 1982; Mulder
and Alexander, 2001). This is documented by a gradual transition
into the E2a facies association downwards along the flow direction.
Additionally, plant remains and coal fragments suggest hanging-
wall directed input as well, most likely by erosion of the previ-
ously deposited Oligocene - Lower Miocene coal series. This facies
association has a gradual transition to E1a upwards in the
stratigraphy.

The facies association E1c is made up by an alternation of sheet-
like medium- to fine-grained sandstones, siltstones andmudstones
facies (Table 2, Figs. 10 and 11i). This monotonous succession is
sometimes interrupted by large scale slumps consisting of folded
and broken autochthonous/intra-basinal layers or chaotic deposits.
This indicates that the unconfined flows in the distal prodelta
environment are obstructed by deposits of seismically triggered
failure due to local fault activity (e.g., Postma, 1984; Sharp et al.,
2000). The facies association E1c grades upslope into D2 and
downslope into E2b.

The facies association E2a is made up by alternations of rhyth-
mic sheet-like calcarenite sandstones and mudstones (Table 2,
Fig. 10). The majority of the beds are structure-less, indicating
deposition from steady turbidity currents with rapid aggradation,
in most cases suppressing tractional transport or post-depositional
reworking (e.g., Talling et al., 2012; Strachan et al., 2013). This
suggests significant reworking of the clastic material in a shallow
water environment before deposition into a distal delta environ-
ment. Some of these flows may represent the dominance of
paleoflows draining hanging-wall composed of Bosnian Flysch
limestones. This facies association represents periodic broad ter-
minal channel lobes from amore proximal setting prograding into a
mud-prone succession of the distal prodelta (e.g., Benvenuti et al.,
2007; Talling et al., 2012).



Fig. 11. Field examples of facies associations. Location of outcrops is shown on Fig. 3 a) Example of the debris flow deposits in the proximal alluvial fan facies association A1. Note
basement blocks up to 2 m in diameter; b) Sheetflood deposits in the distal part of the fan, facies association B1; c) Example of shallow water carbonates, facies association C0; d)
Example of inter-distributary channel and bars facies association C1 with cross-bedded sandstones; e) Example of delta front facies association D1 with outsized clasts (up to 1.5 m
in diameter) in a turbiditic sequence; f) Example of toe-slope facies association E1a with sandstone megabeds containing rip-up clasts; g) Example of prodelta facies association E1b
with loading structures of fine-grained sandstones over mudstones; h) Example of distal prodelta facies association E2b with starved ripples in distal turbidites; i) Example of
prodelta facies association E1c showing slope failure probably caused by fault activity.
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The facies association E2b is made up of mudstones sometimes
intercalated with medium-grained ripple-cross laminated sand-
stones (Table 2, Figs. 10 and 11h). The mudstones contain dark and
light grey to orange laminae that formed as a result of variable
content of organic matter. The alternation of monotonous dark
brown to dark grey mudstone are suggestive to anoxic bottom
waters (e.g., Melchor, 2007; Ielpi, 2012). The transition between
various mudstones is sharp inferring dominant deposition by
settling from suspension at the lake bottom with variable redox
conditions. Alternatively, these can also represent low density
flows and/or mud debrites in the distal part of a basin floor fan (e.g.
Talling et al., 2012). In general, this facies association indicates a
lack of terrigenous influx and a dominance of the mud flows in the
starved, under-filled basin (e.g. Carroll and Bohacs, 1999). In the
stratigraphic succession E2b facies association alternates with E1a
or D1 facies associations, and their contacts are sharp.
6. The link between normal faulting and evolution of facies
associations

Our observations in the Sarajevo-Zenica Basin indicate a close
link between the activation of normal faults and deposition of
various facies associations. This link is best described by three
characteristic groups of facies associations. These correspond to the
evolution of the depositional environment, controlled by the bal-
ance between the rate of creating accommodation space and the
rate of sediment supply, during the three main stages of a normal
faulting: onset (Fig. 12), high displacement rates (Fig. 13) and
gradual termination of fault activity (Fig. 14).

The onset of normal fault activity triggers the coeval deposition
of A1, A2 and E2b facies associations (Fig.12). The bulk of deposition
consists of proximal to middle fan facies associations localized right
next to the normal fault scarp (Fig. 12a, d). The footwall is uplifted
during faulting and subsequently providing eroded material for
deposition of A1 and A2 facies associations. These facies associa-
tions show a prograding and aggrading character in the hanging-
wall direction forming a steep talus that may reach 30� in-
clinations (Fig. 7c). The overlying strata indicate that the alluvial fan
incises and erodes the fault scarp, creating a sub-areal unconfor-
mity, which is recognized latter as a sequence boundary (Fig. 7c).
The coeval deposition in the more distal lacustrine environment is
marked by sediment starvation, observed by deep lacustrine de-
posits conformably overlying pre-faulting littoral limestones (e.g.
E2b over pre-faulting strata, Fig.12b, d). The latter infers rapid basin
subsidence (Prosser, 1993). The base of this sequence in deep lake
deposits (i.e. E2b) was used as a diagnostic marker for a sequence
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boundary, being correlative to the proximal erosional unconformity
marking the maximum flooding surface. Furthermore, the normal
fault activation (syntethic and antitethic) is recognized in deep
water facies by the presence of large scale slumps (E1c, Fig. 11i), or
mud-prone slope deposits (E1b) often overlying an angular un-
conformity (Fig. 12c). The wedge shape geometry of sedimentary
bodies infers higher subsidence rates in the immediate hanging
wall, but also may suggests that tilting was controlled by the listric
geometry of the normal fault (García-García et al., 2006).

The period of highest displacement rates (Fig. 13) increases the
accommodation space rapidly. This leads to simultaneous deposi-
tion of immature terrestrial material in the proximal to middle
alluvial fan facies associations (A1 and A2) and delta slope (D1, D2
and E1a) settings restricted to a narrow zone in the immediate
hanging wall. The progradation of irregular flows of immature
terrestrial material in the lake indicates erosion of the steep
uplifting footwall and material transport via bypass flows without
significant reworking and residence time (e.g. Leppard and
Gawthorpe, 2006). Consequently, more distal and lateral facies
associations (B1,B2, D2, E1b) record a decrease in channel amal-
gamation and channel/overbank ratio up in the section, with higher
frequency coarsening-upwards influxes within the overall fining-
upwards grading trend (Fig. 13a). Such higher frequency influxes
may indicate short term flooding-events (e.g. Støren et al., 2010), or
short periods of tectonic quiescence and further transport of ma-
terial eroded from the footwall (e.g. Catuneanu, 2002). Similarly,
periodic lobes in the distal prodelta environment (E2a, E2b) can
also be interpreted to be transported by flows draining both the
hanging-wall and the footwall, or are events of hanging-wall tilting
during normal fault activity (Figs. 12b and 13d). The shallow water
lacustrine carbonates with Ostracode fauna mark the maximum
flooding surface (Fig. 10c, C0 in Fig. 13b, c). The facies beneath this
surface show retrogradational and fining upward grading trends
(Fig. 13a, c), while the overlying facies associations display pro-
gradational stacking patterns and coarsening upwards (Figs. 13b, c
and 14b).

The final stage of fault activity (Fig. 14) is characterized by lower
rates of creating accommodation space when compared with
sedimentation rates and ultimately end of fault activity (e.g. Sweet
et al., 2003, 2005). The subsidence of the hanging-wall extent over
the immediate footwall at low rates. The effect is that only in the
most proximal areas the facies associations A1 is replaced by A2
and B1 in the vertical succession, which onlap the slope and the
eroded fault scarp with general retrogradational and aggradational
deposition, and fining-upwards grading trends as the fault activity
dies out (Figs. 7c and 14a). This retreat is caused by the erosion of
the fault scarp and general lowering of the source area relief when
the activity of the fault and thereby exhumation of the footwall
terminates. In the more distal areas, the accommodation space is
outpaced by the sedimentation rate, the effects being observed in
the dominance of coarse-grained material, coarsening-upwards
grading due to progradational depositional trends accompanied
Fig. 12. Sedimentological evolution of various facies associations of the tectonic systems tra
the onset fault activity systems tracts deposited over eroded fault planes in their hanging
environment at the base of the slope created by the normal faults. This progradation follo
transition from immature to well-developed turbidites. Note the high amount of organic
deepening. The yellow line marks correlative maximum flooding surface at the base of the ne
rift deposits); c) toe slope d�ecollement triggered by antitethic faulting in the basin. The thick
activity of the normal fault created steep fault scarp and tilting of the pre-existing slope whic
d�ecollement surface. The created accommodation space was partly filled by the progradi
scouring (wavy black line) at the top of the E2b suggests erosional and bypass flows before h
the slope gradient. The scale of the outcrop is shown by the traffic sign (0.7 m high) in the b
and sense of movement; d) Interpreted sedimentological environment combining the A, E
association codes. (For interpretation of the references to colour in this figure legend, the r
by low rates of aggradation in the delta plain (Fig. 14b, c, d). Often
the vertical succession finishes with smaller fining-upwards trend,
especially visible in the distal facies associations. The distal faces
associations (C1, D2, E1b) indicate an increase in channel amal-
gamation and channel/floodplain sediments ratio up in the section
(Fig. 14b). Laterally, progradation can be followed along a gradual or
sharp transition from E1a,b to D1 facies associations (Fig. 14c). The
sediment was supplied by the high energy bedload-dominated
rivers that show a gradually decreasing in energy in response to
exhaustion of the source area which resulted in small fining-
upward packages capping the sequence.

The next faulting event occurs into footwall of the previous fault.
The onset of this next event causes drowning of previous deltaic
system. The change from prograding to retrograding (syn-kine-
matic) depositional trend during fault migration is marked by a
change at the maximum regressive surface. This migration and
subsequent progradation during the next cycle is visible in the
basin in an outcrop (Fig. 14e, f).
7. A coupled tectonic and sedimentological model of the
Sarajevo - Zenica Basin during the asymmetric Early - Middle
Miocene extension

Field observations demonstrate that the second depositional
cycle in the Sarajevo - Zenica Basin was dominantly controlled by
the Early - Middle Miocene extension. This is proved by the
observed features of syn-depositional normal faulting and associ-
ated clastic wedges. The response of facies associations (Fig. 15) to
each event of normal faulting is rapid overall deepening. The
asymmetry of extension created the dominant deposition of coarse
proximal delta facies associations against the SW margin of the
basin and the deposition of coarsening- and fining-upwards cycles
in the vertical profile. In most of the observed situations, rapid
changes in facies associations are driven by coeval normal faulting
and, therefore, there is a direct link between extensional tectonics
and sedimentation. Obviously, this does not completely exclude the
influence of other external forcing factors, such as climatic lake
level variations driven by the balance between precipitation and
evapo-transpiration, which may incorporate questionable global or
regional eustatic effects in such an enclosed intra-montane basin
(e.g., Leever et al., 2011).

At the level of one extensional event, we interpret the onset of
fault activity and the period of maximum displacement rates to
correspond to a transgressive systems tract, while the final stage of
fault activity corresponds to a regressive systems tract (Fig. 16).
They are separated by a maximum flooding surface and together
form a TR cycle. These cycles are bounded by a composite surface
that includes a sub-aerial unconformity and the correlative
maximum regressive surface. In the distal lake facies, themaximum
regressive surface may be missing or overlap with the maximum
flooding surface due to overlapping activity of the two subsequent
faults, such as for instance at the highest displacement rate of one
ct at the onset of fault activity. a) Typical sedimentological log for the proximal units of
-wall; b) Typical sedimentological log illustrating the progradation in deep lacustrine
ws the initial transgression recorded over the organic rich marls and is observed as a
matter in the mudstones probably reflecting stratigraphic condensation due to rapid
w sequence dividing pre-faulting mudstones (E2b) and shallow water carbonates (pre-
black line (i.e. angular unconformity) represents the previous d�ecollement surface. The
h combined with the basin ward dip of the bedding in the uplifted footwall behaves as a
ng and aggrading hanging-wall directed mudflows (E1b). The erosional surface and
igher amount of coarse material (E1a) fill up the previously created space and decrease
lack. The red line with arrow on the stereoplot indicates orientation of the fault plane
1 and E2 facies associations. See Fig. 10, Tables 1 and 2 for the meaning of the facies
eader is referred to the web version of this article.)



Fig. 13. Sedimentological evolution of various facies associations of the systems tract formed during highest displacement rates of faults. a) typical sedimentological log of distal fan
facies deposited during the rapid transgression associated with the subsidence of the normal faults hanging-wall. An upward transition from channelized distal alluvial fans to flood
plains and shallow lacustrine deposition is observed; b) Sedimentological log illustrating a maximum flooding surface formed during the highest displacement rates of normal
faulting, observed by shallow water lacustrine carbonates rich in ostracodes separating a distal alluvial facies associations. See also Fig. 12c; c) isolated crevasses and channels in
overbank deposits (lower part of the section below yellow line). The amount of the channels and crevasses increases up in the section. These are separated by a maximum flooding
surface marked by shallow water limestones with ostracodes (yellow color); d) Interpreted sedimentological environment combining the A, B, C and E facies associations. The blue
arrow suggests hanging-wall directed drainage. See Fig. 10, Tables 1 and 2 to for the meaning of the facies association codes. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)



Fig. 14. Sedimentological evolution of various facies associations during low displacement rates and after faulting. a) A typical sedimentological log for the proximal part of the
post-rift systems tract burying the earlier formed normal faults; b) Sedimentological log illustrating an intermediate position in the sedimentological environment around the river
discharge area with coarsening upwards patterns and aggradation in the braided plain environment during normal regression (below dashed line) and progradation of delta slope
deposits which are syn-kinematic to the subsequent faulting event (above dashed line). Yellow line marks the maximum flooding surface formed during highest displacement rates
of the fault; c) Sedimentological log illustrating a basin-ward position in the sedimentological environment with coarsening - upwards patterns near the transition from prodelta to
delta slope caused by sedimentation rate outpacing accommodation space creation rate and transport of material further into the basin; d) Interpreted sedimentological envi-
ronment combining the B, C, D and E associations. Yellow line marks the maximum flooding surface developed during highest displacements rates of the fault. The dark blue line
represents the maximum regressive surface; e,f) Illustration of the sedimentological response at the transition between the ceasing the activity of one fault system and initiation of
the next one in its footwall. This results in a backstepping migration of the extensional deformation; e) a high frequency progradation-retrogradation pulses (red arrows) formed
due to rapid changes in sedimentation rates and/or accommodation space with an overall prograding character. The yellow line marks the maximum flooding surface, the orange
line delineates bedding planes. Geologists for a scale (inside black cycle); f) Interpretative sketch showing the onset of activity of next faulting event caused by the deformation
migration in to footwall of the previous fault leading to drowning of previous deltaic system. The grey polygon represents transgressive system, based by the maximum regressive
surface (dark blue line) and maximum flooding surface (yellow line) towards the top. The numbers 1 and 2 represent the younging trend of faulting events. See Fig. 10, Tables 1 and
2 for the meaning of facies association codes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 15. An interpretative sketch of a backstepping alluvial-deltaic system following deformation migration towards the basin margin. a-g) sedimentary logs along the Hum profile;
h) fining-upward cycle in the basin centre. The black dashed lines represent boundaries of the Transgressive-Regressive (T-R) cycles in column a-g. See Fig. 10 for the meaning of the
facies association codes; i) Hum profile. Numbers 1, 2, 3a and 3b represent faulting events correlated with the profiles in Figs. 6 and 7. See locations in Fig. 3.

N. Andri�c et al. / Marine and Petroleum Geology 83 (2017) 305e332326
and onset of another faulting event. This cycle is controlled by the
activity of a normal fault or a group of genetically related normal
faults in the studied basin (Fig. 15). The thickness of such a cycle
varies from 80 to 150 m as a function of the amount of accommo-
dation space created by each event of normal faulting. In our spe-
cific studied case of the Sarajevo - Zenica basin, each normal
faulting event back-stepped in the footwall and, therefore, the basin
was progressively enlarged. Our analysis has detected three main
transgressive-regressive cycles that are linked with the three major
normal fault sets grouping the outcrop-scale faults formed during
the three extensional events. These three sets are progressively
younger SW-wards, i.e. in a footwall direction. The activation of the
fourth set (3b in Figs. 6 and 7, i.e. the Busova�ca Fault stricto-senso) is
associated with an incomplete developed cycle, either due to its
deposition in an already filled basin with dominant proximal al-
luvial deposition, or due to subsequent erosion during the
following post-Middle Miocene inversion of the basin. A similar
backstepping pattern of fan deposits has been documented else-
where in the neighbouring Sava Basin of the northern Dinarides
(Paveli�c and Kova�ci�c, 1999).

The higher-order cycles are bounded by sub-aerial un-
conformities in what was the proximal part of the basin at the time
of deformation and maximum regressive surfaces in more distal
parts. They have net upper boundaries. The high-order sequence
boundaries are created by a renewed activation of normal faults.
The migration of listric normal faulting in a footwall direction
resulted in antithetic tilting of older cycles of sedimentation. The
overall depositional trend of multiple cycles is retrogradation
governed by the back-stepping migration of subsequent faults,
whereas the proximal facies of one event is sealed by the distal
facies of the next event of normal faulting (Figs. 14e, f and 15). Such
a retrogradational pattern driven by progressive basin enlargement
has been observed also in other extensional basins (e.g., Postma and
Drinia, 1993; García-García et al., 2006).



Fig. 16. a) Evolution of the Sarajevo - Zenica Basin illustrated as a conceptual model. 1 - A fordeep basin formed in front of an advancing nappe. The onset and evolution of the basin
is controlled by the thrust; 2 - Tectonic inversion and formation of the asymmetric extensional basin; 3 - The final basin inversion; b) Idealized sequences of the asymmetric
extensional basins. 1 - basin margin(s), showing overall coarsening - upward cycle internally arranged into smaller fining - upwards cycles; 2 - basin depocentre with overall fining -
upwards cycle including of smaller coarsening - upwards cycles; 3 e T-R cyclicity induced by the backstepping migration of deformation.
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The internal structure of one high-order cycle reflects the evo-
lution of each major normal fault. The initial transgression is
characterized by a fining upwards grading profile in the proximal
part of basin and aggradation in more distal areas. Most of the
deposition continued in alluvial environment, trapping material
next to the adjacent fault scarp and cutting off supply to the distal
lacustrine part of the basin (e.g., Loutit et al., 1988; Galloway, 1989).
This shows that sedimentation generally kept pacewith subsidence
during the onset of normal faulting (Jackson et al., 2002). The onset
was followed by a period of rapid subsidence in the hanging-wall of
the normal fault, which was associated with aggradation and
smaller scale prograding episodes. All facies associations display an
overall fining upwards pattern. The short-term coarse fluxes of
alluvial sediments may result in increase of the sediment supply,
generally interpreted to be the result of wet climate or record of
source rejuvenation due to normal fault slip (e.g., Blum, 1993). In
our studied case, the latter acceleration of subsidence is rather
obviously driven by the activation of normal faults. The under-filled
nature of the basin during this period is a result of accommodation
outpacing sediment supply due to high fault displacement rates.
Similar with what was observed elsewhere (e.g., Leeder et al., 2002;
Leppard and Gawthorpe, 2006), the basin is characterized by the
steep, bypass and sometimes erosional slope controlled by the
marginal fault and limited, narrow coastal area created by the
specific geometry of the normal faults and their rapid footwall
exhumation. This stage can be generally characterized as an under-
filled stage, where the rate of creating accommodation space is
generally higher than the sediment supply (e.g., Carroll and Bohacs,
1999; Withjack et al., 2002). The gradual cessation of fault activity
is recognized by a regression marked by rapid progradation of the
delta front within the basin, creating the overall coarsening-
upwards grading profile. Pre-dating and on-going exhumation of
normal fault footwalls increased the profile of the source area and
produced high energy rivers with strong erosional character. These
bedload dominated rivers carried coarse-grained material further
away from the source filling up the basin and create a diachronous
basal progradation surface, which is younger in a distal direction
(Sweet et al., 2003; Ramaekers and Catuneanu, 2004). This stage
can be generally characterized as an over-filled stage, when the rate
of creating accommodation space was lower that the increased rate
of sediment supply, resulting from the exhumation of the footwall
(e.g. Carroll and Bohacs, 1999; Withjack et al., 2002).

At even higher resolution, the activation of faults with smaller
offset observed in outcrops may be related to the definition of a
higher-order cyclicity. However, such very high order cycles are
difficult to discriminate from autocyclic processes, such as lateral
shifting of the main channel or flooding events.

The low-order extensional cycle at the scale of the entire Lower -
Middle Miocene basin fill shows an overall coarsening-upwards
pattern that is superposed over the high-order transgressive-
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regressive cyclicity (Figs. 15 and 16). Given the similar distribution
of facies associations inside the basin, this overall coarsening-
upwards pattern reflects changes in the dominant SW-ward
migration of the source area. The system of normal faults gradu-
ally exhumed an increasingly active source area in their footwall
(i.e. the Mid-Bosnian Schist Mountains), which increased the
sediment input and filled the created accommodation space. The
resulting transgressive-regressive cycles are increasingly coarser.
Grading of the higher-order cycles is not always visible in the
hanging-wall near the fault (e.g., Fig. 13a), whereas such grading is
better documented in more distal sediments (e.g., Fig. 13b). This
inference is in agreement with previous interpretations that most
proximal sediments adjacent to the source area do not exhibit
coarsening-upwards grading trends (e.g. Miall, 1996). Similar with
what was inferred in others sedimentological studies of normal
faulting (e.g., Leeder and Gawthorpe, 1987; Gawthorpe and Colella,
1990), these cycles have a wedge shape geometry due to the larger
subsidence in the vicinity of normal faults.

The provenance and maturity of the material sourcing clastic
wedges indicate a catchment area of the fluvial system that was
dominantly located in the footwall of the normal faults (i.e. the
Mid-Bosnian Schist Mountains). These are mainly local short
streams sourcing small fans in the immediate hanging-wall of
normal faults. Such a drainage style was observed in other exten-
sional basins, such as the Suez Rift (Leppard and Gawthorpe, 2006),
Gulf of Corinth (Gawthorpe and Leeder, 2000), or Barent Sea
(Prosser, 1993). In addition to small isolated drainages, the fan
systems along the La�sva and Fojnica valleysmirrors themuch larger
Mid-Bosnian Schists Mountains catchment area supplying large fan
complex by carrying high amount of coarse material into the Sar-
ajevo - Zenica Basin. The continuous lateral correlation between the
similar deltaic succession retreating in the direction of normal
faulting means that the incision kept pace with footwall uplift and
maintained the sediment transport into the basin. Similar obser-
vations are available in the modern examples of Akrata and Xylo-
kastro Deltas in Gulf of Corinth rift (e.g., Seger and Alexander,
2009). Alternatively, they can also be associated with relay ramps
connecting normal fault segments (e.g. Young et al., 2000; Trudgill,
2002). We cannot fully exclude that the basin was sourced from a
hanging-wall direction or by an axial drainage, but the observations
of asymmetric depositional bodies show that such influxes are
likely suppressed by streams with massive influx draining the
footwall.

8. Tectonic and sedimentary evolution of the Sarajevo -
Zenica Basin

Our study shows that sedimentation in Sarajevo-Zenica Basin
during Oligocene - Miocene times was controlled dominantly by
tectonically induced changes in the geometry of the accommoda-
tion space and changes in the source area. The general extensional
and contractional trends in the basin have been observed or
inferred also by previous studies (e.g. Hrvatovi�c, 2006; de Leeuw
et al., 2012 and references therein), but our analysis provides a
much higher resolution and is able to discriminate the succession of
events with time (Fig. 16), which is critical for understanding not
only the tectono-sedimentary evolution of the basin, but also the
larger area of the Dinarides.

8.1. Thrusting during the onset of Oligocene - Early Miocene basin
deposition

Our study shows a novel demonstration that the Oligocene -
Early Miocene onset of basin deposition was associated with NW-
SE oriented thrusts, folds and the formation of local
unconformities during sedimentation. This NE-SW oriented
contraction shows a dominantly SW tectonic transport. Grouping
deformation structures and the provenance of sediments shows a
direct relationship with the thrusting at a larger scale of more in-
ternal Dinarides units (East Bosnian - Durmitor and/or Drina -
Ivanjica) over the basin sediments. These sediments were depos-
ited unconformably over the Mesozoic cover of the Pre-Karst unit
and over the younger, more external parts of the Bosnian Flysch (i.e.
its Ugar - Durmitor Cretaceous interval). These geometries indicates
that the older, more internal parts of the Bosnian Flysch (i.e. late
Jurassic - Earliest Cretaceous Vranduk interval) served as a
decollement horizon for the Oligocene - Early Miocene thrusting. In
fact, this decollement is an inherited weakness zone from older
Late Jurassic - Cretaceous thrusting that was coeval with the overall
deposition of the Bosnian Flysch. In this context, the initiation of
the Oligocene - Early Miocene sedimentation of the Sarajevo-
Zenica basin took place in a foredeep basin that formed in the
footwall of more internal Dinarides units (Fig. 16a1). At higher
resolution, this Oligocene - Early Miocene sedimentation reflects
likely the syn-kinematic deposition of the two sedimentary cycles
described by previous studies (Mufti�c, 1965; Milojevi�c, 1964). Their
position in the footwall of the main thrust of more internal
Dinarides units and the relative constant sediment influx infer that
the cyclicity is related to two different pulses of thrusting inside the
foredeep basin. This may reflect successive thrust loading and
unloading events, as typically observed in many other foredeep
areas (e.g., Ballato et al., 2008; Catuneanu, 2001 and references
therein).

At a more regional scale, the Dinarides contraction took place
during successive late Jurassic - Eocene shortening events, gener-
ally migrating towards its foreland, but also associated with mo-
ments of out-of sequence deformation (e.g., Schmid et al., 2008;
Ustaszewski et al., 2010). Later, (Late) Miocene - Quaternary
contractional deformations is documented by structural studies
either in the external, offshore and neighbouring parts of the
Dinarides or in their internal-most parts by inverting the sediments
of the Pannonian Basin. The latter deformation has variable effects
along the strike of the Dinarides, apparently increasing SE-wards in
their external-most parts and NW-ward in the internal zone (e.g.,
Placer, 1999; Tomljenovi�c and Csontos, 2001; Matenco and
Radivojevi�c, 2012; van Gelder et al., 2015 and references therein).
The prolongation of contractional deformation during the Oligo-
cene - Miocene times was quite uncertain until our study (see
discussion in de Capoa et al., 1995; Mikes et al., 2008a), mostly
because the bulk exhumation of the Dinarides took place earlier,
combinedwith similar contractional directions and uncertainties in
dating the Miocene sediments in the intra-montane basins.
Therefore, our study is a first clear demonstration of a link between
contraction and sedimentation that post-dated the main Eocene
event in the central part of the Dinarides. Although affected by age
uncertainties, the syn-kinematic Oligocene - Early Miocene sedi-
ments that document this contraction must predate the ~18 Ma
onset of deposition of the second cycle representing the initiation
of the Dinaride Lake System and the start of the main extensional
phase in the Pannonian Basin (de Leeuw et al., 2012; Mandic et al.,
2012). Although the Late Oligocene Climatic Optimum that stalled
in the Aquitanian may have imprinted the sedimentation of the
Dinaride Lake System (de Leeuw et al., 2012), the coeval first
depositional cycle in the Sarajevo e Zenica Basin was primarily
controlled by tectonics.

8.2. Early - Middle Miocene extension

The earlier contraction was followed in the Sarajevo-Zenica
Basin by the deposition of a new low-order tectono - sedimentary
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cycle. This extensional deposition is slightly shifted SW-wards in
respect to the earlier tectono-sedimentary cycle by directly over-
lying the pre-Oligocene basement and sedimentary cover of the
Pre-Karst unit (Fig. 16a2). The overall NE-SW to E-W direction of
extension has local variations during the successive normal faulting
events. The geometry of the normal faults and the antithetic tilting
of their hanging-walls indicate that the four major listric normal
faults merge at depth into onemajor decollement level (Figs. 6, 7,15
and 16b) that is rooted somewhere in the Bosnian Flysch, most
likely in its younger Ugar - Durmitor component. Once again, the
presence of this decollement horizon located at the contact be-
tween the basement and dominantly carbonatic cover of the pre-
Karst and East Bosnian e Durmitor units has facilitated its reac-
tivation by the NE-SW oriented extension.

The coeval exhumation of the Mid-Bosnian Schists Mountains
located in the footwall of the normal fault system is inferred by
eroded footwalls and the geometry of these faults. Exhumation
studies in the Mid-Bosnian Schist Mountains show a few late
Miocene e early Pliocene apatite U-Th/He ages (5e7 Ma) in the
immediate footwall of the Busova�ca Fault, while zircon fission
fission-tracks are generally older than 27e28 Ma in the Mid-
Bosnian Schists Mountains (Casale, 2012). A more recent study
derived zircon fission track ages of 24e29 Ma in the immediate
footwall of the main Busova�ca fault (Hrvatovi�c et al., 2015). This
means that zircon fission track and higher temperature thermo-
chronological Eocene-Oligocene and older ages must reflect also
the first stage of contraction observed also in the Sarajevo-Zenica
Basin. The Late Miocene - Pliocene lower temperature thermo-
chronological ages reflect exhumation coeval with the last
observed stage of contraction. The ages predate and post-date with
a few million years the main Early - Middle extensional basin for-
mation. Given the partial retention zones of zircon and apatite
fisson track and U-Th/He, this limits the Mid-Bosnian Schist
Mountains exhumation during the Early - Middle Miocene exten-
sion somewhere between 3 and 5 km at normal geothermal gra-
dients. The Busova�ca fault system reflects the brittle deformation
associated with this exhumation. Therefore, we conclude that this
represents an uni-directional low-angle listric normal fault system
that is associated with footwall exhumation. Obviously, this
asymmetry is facilitated by pre-existence of the rheological weak-
ness of the Bosnian Flysch.

The extensional depositional cycle observed in the Sarajevo-
Zenica Basin is regionally coeval with the initiation of the Dinar-
ide Lake System. The lacustrine phase took place from 18 to ~13 Ma
(de Leeuw et al., 2012), culminating at ~15.5 Ma when the lake
system gained its maximum extent, interpreted to be an effect of
favourable conditions during the Miocene Climatic Optimum
(Zachos et al., 2001). The coeval evolution of the Sarajevo-Zenica
Basin was almost entirely controlled by the extension. The
Miocene Climatic Optimum might have enhanced the favourable
conditions of extending the lake, but its subsidence is certainly
tectonically controlled. At a more regional scale, this phase of
extension was coeval with the overall Miocene extension that
started at ~20e18 Ma in the main depocentres of the Pannonian
Basin. The northern margin of the Dinarides adjacent to the Pan-
nonian Basin was affected by coeval large scale extensional exhu-
mation along detachments that indicate top-N to top-E extension
along the Dinarides strike. This extension peaked ~15e11 Ma and
its onset is generally older in the eastern areas of Serbia, such as
Fru�ska Gora or the Morava corridor (Ustaszewski et al., 2010;
Stojadinovi�c et al., 2013; Tolji�c et al., 2013; van Gelder et al.,
2015). Closer to our studied area, Miocene extension affected also
the internal units of the Dinarides (Ili�c and Neubauer, 2005; Schefer
et al., 2011). This overall extension resulted in the formation of
asymmetric extensional basins, where the hanging-wall
subsidence was associated with significant exhumation in the
footwall of detachments or normal faults (e.g., Matenco and
Radivojevi�c, 2012). These studies have shown that the location of
these detachments is controlled by the weakness of various
inherited Dinarides nappe contacts, most often made up by
contractional trench turbidites. This is strikingly similar with the
Sarajevo - Zenica Basin, whose Early - Middle Miocene normal
faulting was associated with footwall exhumation of the Mid-
Bosnian Schist Mountains was controlled by the inherited weak-
ness of the Bosnian Flysch unit. Therefore, the observed extension
must have the same genetic cause. The Sarajevo - Zenica Basin is the
most external area in the Dinarides documented so far by a field
study to be affected by the extension of the Pannonian Basin.

8.3. Late Miocene and subsequent inversion

The overall basin fill was inverted by a post-Middle Miocene
stage of contractional deformation that was observed in many
other areas of the Dinarides (Tomljenovi�c and Csontos, 2001;
Ustaszewski et al., 2014 and references therein) and is likely still
active at present (Bennett et al., 2008). In our studied case of the
Sarajevo - Zenica Basin, the basin was inverted with a N-S oriented
direction of contraction (Fig. 16a3). The obliquity of this inversion
direction to the NW-SE oriented structural grain of the inherited
normal fault system resulted in the inversion of this system over
oblique ramps associated with a large number of tear and transfer
faults. It is rather clear that the distribution of sedimentological
facies from coarse alluvial in the SW to more distal turbiditic to
pelagic in the NE inherited from extensional phases controlled the
geometry of the subsequent contractional deformation. The resul-
ted geometry is the one of en-echelon thrusts and folds accom-
modated by transfer zones or tear faults. Most of the deformation
has a S-ward vergence, but opposite N-verging back-thrusts or folds
are also observed, although accommodating lower amounts of
shortening. Unsurprisingly, their prolongation at depth appears to
be connected at depth into a larger offset decollement that is
rooted, yet again, in the Bosnian Flysch thrust contact. In the SW
parts of the Sarajevo-Zenica basin (Figs. 1 and 3), coeval deposition
in several synforms suggests that sedimentation took place in for-
deep basins, although sedimentological patterns, dominated by
alluvial and other continental sub-aerial deposition, are not fully
diagnostic. The deposition in the basin was also associated or post-
dated by the final contractional exhumation of the Mid-Bosnian
Schist Mountains, as documented by the apatite U-Th/He low
temperature thermochronology data (~5e7 Ma, Casale, 2012).

9. Conclusions

Our study of the Sarajavo - Zenica Basin, a large isolated Oligo-
cene - Miocene basin situated in the centre of the Dinarides orogen,
has demonstrated a novel succession of deformation events, with
critical inferences for the evolution of this mountain chain, and
serves as a quantitative example of analysing the link between
normal faulting and sedimentological evolution in asymmetric
extensional basins.

The Oligocene - Early Miocene contraction was responsible for
the onset of deposition in a basin that formed as a foredeep in the
footwall of the coeval thrust displacingmore internal Dinarides units
over the Pre-Karst nappe situated in its footwall, and reactivating the
inherited Bosnian Flysch Late Jurassic - Cretaceous tectonic contact.
This thrusting has resulted in the creation of two transgressive-
regressive cycles that reflect pulses of deformation during the
overall contraction. At regional scale, this observation solves a long-
standing controversy and shows that contractional deformation
continued during Oligocene - Early Miocene times after the main
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Late Eocene orogenic phase in the central part of the Dinarides. More
precise dating of this cycle of deposition is required for an accurate
age determination of this deformation. The contraction was subse-
quently followed by a new cycle of deposition in the basin driven by
the activation of a system of NE-dipping normal faults and the cre-
ation of an asymmetric extensional basin associated with significant
exhumation in the SW-ward located footwall of normal faults.
Deformationmigrated towards this footwall with time, enlarging the
basin and creating the space for the repetition of a higher order
transgressive-regressive cyclicity observed in the alluvial to deep
water turbiditic and pelagic coeval depositional system. At a larger
scale, the observation of this extensional evolution proves that the
extension of the Pannonian Basin was felt much further SW-wards
than previously thought, re-activating thrust contacts inherited
from the previous contractional evolution. The basin was affected
ultimately by the overall indentation of Adriatic units and inversion
observed in more internal units, a process that continued and is
active today inmost of the Dinarides (e.g., Pinter et al., 2005; Bennett
et al., 2008; Handy et al., 2010).

The Early - Middle Miocene basin fill and extensional kinematics
serve as a very good example of understanding systems tracts in
asymmetric extensional basin. Our analysis demonstrates that the
first order pattern of basin fill is regressive, coarsening-upwards,
driven by the increasing and coeval exhumation during extension
of a source area situated in the footwall of the normal faults, i.e. the
Mid-Bosnian Schist Mountains. This gradually growing source area
ensured an almost uni-directional sourcing of the basin and a
marked asymmetry of the distribution of the sedimentological
facies inside the basin, that is almost exclusively coarse grained
alluvial to deltaic fan in the SW and more distal in the NE. Over this
overall first order pattern (or low order cycle), a higher order
cyclicity grouping transgressive and regressive systems tracts is
observed to be directly associated with the activity of individual
normal faults. These cycles have characteristic sedimentological
patterns during the onset, maximum rate of slip along normal
faults and their gradual ceasing, from alluvial facies and wedges in
proximal parts of normal faults to deeper water deposition at
higher distances in their footwall. Sequence boundaries are formed
during moments when the normal faults migrate further in a
footwall direction and created a drowning of pre-existing alluvial
fans and proximal deltaic facies and their shift in the same direc-
tion. Increasing the source area by footwall exhumation results in a
massive SW-ward sourcing that ultimately fills the basin
completely at very high rates during the final regression.

The overall analysis of such extensional basins shows that
asymmetry and footwall exhumation changes significantly the
sequence stratigraphy of extensional systems, which is almost
exclusively studied so far in basins buried beneath passive conti-
nental margins (e.g., Martins-Neto and Catuneanu, 2010 and ref-
erences therein). It shows that sedimentation in asymmetric basins,
often observed in back-arc or intra-montane areas, is dominantly
controlled rheologically by the inherited weakness of pre-existing
nappe contacts (e.g., Tari et al., 1992; Brun and Faccenna, 2008).
The asymmetric depositional geometry is imprinted in the high
resolution transgressive-regressive cycles. The source input in-
creases by footwall exhumation until the basin is completely filled
during the rapid extension. Such basins deserve further studies and
a better expression in current research of depositional character-
istics in active tectonic settings.
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