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Abstract. The Berane Basin is a Miocene, northeast-southwest oriented in-
tramountain basin of the Dinarides, overlying the pre-neotectonic basement
of the Drina-Ivanjica unit, the East Bosnian-Durmitor unit and the Western
Vardar Zone. The structural evolution and the tectonic regimes that controlled
the formation of the Berane Basin are not fully understood. In this paper, we
conducted field kinematic analysis by applying fault-slip inversion to derive
paleostress regimes and study the deformation phases that led to the forma-
tion of the Berane Basin. Observed deformation is related to the latest
Oligocene-Miocene extension in two directions, perpendicular and parallel to
the Dinarides orogen. Such bi-directional extension resulted in a complex fault
pattern where, among observed normal, oblique and strike-slip faults, those
with oblique-normal slip dominate. The observed faults likely form a system
of mutually overprinting half-grabens, mainly driven by orogen-parallel
extension associated with the large-scale regional Skadar-Pe¢ Fault, while
orogen-perpendicular extension has subordinate effects on the Berane Basin
formation.

AncrpakT. BepaHcku 6aceH je MUOLEHCKU YHYTapIJIaHUHCKU 6aceH /lvHa-
pHU/ia, OpYjeHTHCaH NpaBLeM CeBEPOUCTOK-jyrosana/, Koju JIeXxd Ha peHeo-
TEKTOHCKOj ocHOBU /[lpuHa-UBamwule, McTOUYHOG0CAHCKO-AYPMUTOPCKE
jenuHULEe U 3anajiHe BapAapcke 30He. CTPYKTYpHa eBoJIyLiMja U TEKTOHCKU
pexXuMHU Koju cy KOHTpoJsiucaiu dopMmupame BepaHckor 6aceHa HUCY Y
HNOTIYHOCTH NMO3HATU. Y OBOM pajly, IPMMemeHa je KWHeMaTCKa aHaJn3a
IyTeM MHBep3Uje KpeTamwa 110 pacefuMa Jia 61 ce JOOUIM peXXUMHU NaJeo-
HallOHCKOI [oJba U HpoyduJie AedopManoHe dase Koje cy JoBese [0
dopmupamwa bepaHckor 6aceHa. OncepBupaHe fedopmaluje cy BesaHe 3a
HajKaCHHUje OJINTOLIEHCKY [0 MUOLIeHCKY eKCTeH3M]y 10 [iBa NpaBLa, YIIPABHY
Y mnapasejHy Ha JlMHapuAcKu oporeH. TakBa JBOCMepHa eKCTeH3Hja
pe3y/THpaJa je KOMIJIEKCHUM CHCTEMOM paceia, TAe Mehy olicepBUpaHUM
rpaBUTallMOHUM, KOCUM U TPAHCKyPEeHTHHUM pacesuMa, JOMUHUPAjy KOCH
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KibyuyHe peyn:

deocmepHa ekcmeH3uja,
HANOHCKU pexcuM,
pacnodesaa degopmayuja,
HAunapudu, bepaHcku 6aceH.

rpaBuTanoHu. OncepBrpaHu paceu GopMUpajy CUCTEME MOJIy-POBOBA KOjU
ce Mehyco6HO npekJianajy, a reHepaTHO Cy KOHTPOJIMCAHU eKCTeH3UjoM Napa-
JIeJIJHOM OpOTeHy acoLUPaHOM Ca CMHLalbMMa [0 BEJIMKOM PErMoHaTHOM
Cxagzap-Ileh paceny, 1ok je ekcTeH3Mja yIpaBHA HAa OpOreH UMavla nogpehene
edekTe y dopmupamy bepaHckor 6aceHa.

Introduction

The Berane Basin represents a Miocene intra-
mountain basin located in the Internal Dinarides of
northern Montenegro (Fig. 1, ScHmip et al., 2008,
2020, and references therein). Processes that caused
its formation, the kinematics of the structures
controlling its opening and subsidence and its general
position in the overall Dinarides structure, are not
yet fully understood. The longer Berane Basin axis
is northeast-southwest oriented, which differs from
other Cenozoic intra-mountain basins of the Dina-
rides orogen formed by an orogen-perpendicular
extension (ANDRIC et al., 2017; vaN UNEN et al., 20193,
2019b, and references therein). Potentially, a very
large influence on the development of the Berane
Basin was the deformation along the nearby large-
scale orogen-perpendicular Skadar-Pe¢ Fault (HANDY
et al.,, 2019; MaRroviC et al., 2007). The Skadar-Pe¢
Fault offset has two components, an orogen-parallel
normal and a dextral strike-slip component (HANDY
etal, 2019).

The aim of this study is to determine the kine-
matics of the Berane Basin-controlling faults and to
link the basin formation and its present-day geom-
etry to large-scale regional processes controlling de-
formations in the Dinarides during the Miocene
times. We conducted the paleostress analysis of fault
kinematics along the Berane Basin margins taking
into account faults’ superposition to constrain tec-
tonic regimes and phases that controlled the basin
subsidence and deformation.

Geological settings

The study area is located in the northwest-south-
east oriented southwest-vergent Dinarides orogen,
connecting the Alps, Albanides and Hellenides (Fig. 1,
vAN UNEN et al., 20193, b). The tectonic evolution of

the Dinarides and the processes that determined
their present-day geometry and the formation of
sedimentary basins were manifested in different
deformation phases and tectonic regimes. The most
significant events are related to the middle Triassic,
Jurassic, Cretaceous-Paleogene, Eocene, early Miocene
and Plio-Quaternary periods (ScHMID et al., 2008,
2020, and references therein; see also GAwLIcK et al.,
2017, and GawLIick & Missoni, 2019).

The first significant tectonic event in the evolution
of the Dinarides was continental rifting during the
Middle Triassic, which was accompanied by extensive
magmatism and the development of the Adriatic pas-
sive continental margin. This rifting ultimately
resulted in the opening of the Neotethys Ocean be-
tween the Adria microcontinent and Europe-de-
rived tectonic units (ScuMmID et al., 2008, 2020; vaN
HINSBERGEN et al., 2020 and references therein). Sub-
sequently, the Neotethys Ocean started to close by
subduction during the Middle Jurassic, which was
followed by the Late Jurassic obduction and the em-
placement of ophiolites over the Adriatic passive
margin (i.e., the Western Vardar ophiolitic unit of
ScHmID et al., 2008, 2020 and references therein).
For slightly different timing and interpretations of
the Triassic passive margin formation and subse-
quent Middle-Late Jurassic intra-oceanic subduction
and obduction see GawLick et al. (2017) and GAWLICK
& Missont (2019) and references therein. Following
the closure of the Neotethys Ocean, during the Cre-
taceous-Paleogene collision, a composite nappe-
stack system formed in the Adriatic passive margin,
creating the Dinarides orogen (ScHMID et al., 2008,
2020, and references therein). The uppermost
nappe in the composite nappe-system is the Jadar-
Kopaonik unit in the Internal Dinarides, which is
thrust over the Drina-Ivanjica unit, which is further
thrust over the East Bosnian-Durmitor unit, the
most external of the Internal Dinarides units. The
East Bosnian-Durmitor unit is thrust towards south-
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Fig. 1. a) Tectonic map of the Dinarides orogen, with a wider area shown that includes units of Adriatic and European affinity (modified
after van UNEN et al., 2019b and Scumip et al,, 2020). The red rectangle indicates the position of the study area shown in Figs. 1b, 2, 5 and
6. b) Tectonic map of the study area (modified after the Basic Geological Map of Socialist Federal Republic of Yugoslavia 1:100 000,
sheet Ivangrad; ZIVALJEVIC et al., 1981; van UNEN et al,, 2019b and Scumip et al, 2020).
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west over the External Dinarides units, consisting of
nappe sequence of Pre-karst unit and Bosnian flysh,
the High Karst unit, the Budva-Cukali unit and the
external-most Dalmatian unit (Fig. 1). Ultimately,
the collision caused the formation of the Sava zone,
a suture zone between units of Adriatic and European
affinity (e.g., Pami¢, 2002; Scumib et al,, 2008, 2020).
Following the collision, during the Oligocene-Miocene,
the regional tectonic regime changed to an exten-
sional one, controlled by the interplay of the two sub-
ducting slabs, the Dinaridic and the Carpathians slabs,
which resulted in the formation of the back-arc Pan-
nonian Basin north of the Dinarides (Bapa et al 2007;
ScHMID et al., 2008, 2020; MATENCO & RADIVOJEVIC, 2012;
StojADINOVIC et al., 2013, and references therein). The
final process, still active today;, is the Pliocene-Quater-
nary indentation of the Adriatic microplate causing
the inversion of the Pannonian Basin associated with
a compressional stress field in the Dinarides (Bapa et
al., 2007; ScuMID et al,, 2008, 2020; vaN UNEN et al,,
2019b and references therein).

The Berane Basin is located in the transition
zone between the Dinarides and Hellenides (Fig.
1a). According to the traditional tectonic divisions,
the Berane Basin overlies the East Bosnian-Durmi-
tor Unit which is to the south-southwest of the basin
thrust over the Pre-Karst Unit and is farther to the
north thrust by the Drina-Ivanjica Unit (Fig. 1b;
ZIVALJEVIC et al., 1981, 1982; DIMITRyEVIC, 1997;
Scumip et al., 2008). Additionally, a structural subdi-
vision in the Berane Basin vicinity is further com-
plicated by unclear internal relationships of several
potential tectonic windows and klippen. ZIvALJEVIC et
al. (1981, 1982) interpret Triassic units to the west
of the basin as the Bjelasica window of the Pre-Karst
Unit outcropping beneath the East Bosnian-Durmi-
tor Unit, while Triassic-Jurassic sedimentary and
magmatic rocks overlain by ophiolitic melange (tra-
ditionally known as the Diabase-chert formation)
located eastward of the basin are attributed to the
Lim sub-unit of the East Bosnian - Durmitor Unit
(DMITRIEVIC, 1997). Recently, different interpreta-
tions of the area have been proposed in which both
Bjelasica and Lim are actually tectonic klippen of the
Drina-Ivanjica Unit overlying the East Bosnian-Dur-
mitor Unit (Fig. 1b; e.g., see Fig. 1 of vaN UNEN et al,
2019a). We note that the internal tectonic subdivi-

sion of the Mesozoic rocks in the Cretaceous-Paleo-
gene nappe-stack is of lesser importance for the
structural evolution of the Berane Basin and adopt
the recent-most tectonic units division of vaAN UNEN
etal. (2019a).

According to vaN UNEN et al. (2019a), the main re-
gional structures in the Berane Basin vicinity are the
nappe contacts between the Drina-Ivanjica, East
Bosnian-Durmitor and Pre-Karst units (Fig. 1b).
Additionally, the large-scale southeast-dipping oro-
gen-perpendicular Skadar-Pe¢ Fault (note alterna-
tive names in publications such as Scutari-Pe¢,
Shkoder-Pe¢, Scutari-Peja or Shkoder-Peja; e.g.,
KisseL et al., 1995; Hanpy et al., 2019; GRuND et al.,
2023) is located to the southeast of the Berane
Basin, offsets the orogenic structure and marks the
transition between the Dinarides and Helenides
(Fig. 1). The Skadar-Pe¢ Fault is divided into two
segments, the Skadar-Pe¢ Transverse Zone (SPTZ)
and the Skadar-Pe¢ Normal Fault (SPNF), which differ
in terms of kinematics and the direction of exten-
sion to which their origin is related (Hanpy et al,,
2019). The Skadar-Pe¢ Transverse Zone has a pro-
nounced dextral offset, while the SPNF, the Skadar-
Pe¢ Normal Fault, is related to the orogen-parallel
extension (HANDY et al., 2019). The strike-slip do-
main of the fault, SPTZ, was active sometime be-
tween the Late Cretaceous and middle Eocene,
while SPNF has two normal faulting phases (GRUND
etal,, 2023). The early phase of normal faulting was
associated with mylonitic shearing, where the age
of metamorphism is older than Eocene. The later
phase is set in the middle to late Miocene times and
is related to syn-rift sedimentation during the tec-
tonic subsidence of the Metohija Basin on the fault
hanging wall (WKB of GRunD et al., 2023).

The Dinarides nappes, overlain by the Berane
Basin, are made of Devonian-Carboniferous, Per-
mian, Triassic, Jurassic and Cretaceous-Paleogene
rocks, while the basin’s infill is built of uppermost
Oligocene to Miocene sediments (Figs. 2, 3; ZIVALJEVIC
et al.,, 1982; PorpEvic MiLuTiNovié & CuraLIé, 2010;
PorpEVIC MILUTINOVIC et al., 2018 and references
therein).

The East Bosnian-Durmitor unit consists of the
oldest rocks in the research area, represented by
chlorite-sericite schists with lenses of weakly meta-
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Fig. 2. Geological map of the study area with observation points (modified after the Basic Geological Map of Socialist Federal Republic
of Yugoslavia 1:100 000, sheet Ivangrad; Zivaijevic et al.,, 1981 and Scumip et al., 2020).
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Fig. 3. Geological columns of tectonic units and the Berane Basin in the study area (modified after ZivaLevic et al,, 1982). The green line

indicates obduction-related trusting and the blue lines indicate Cretaceous-Paleogene thrusting.

morphosed sandstones, siltstones, limestones, con-
glomerates and schists metamorphosed in the very
low- to low-greenschist facies, while the age of the
protoliths is estimated as Devonian-Carboniferous
(ZvaLJEVIC et al., 1982). The Permian rocks were de-
posited continuously on the Devonian-Carboniferous
assemblage and are made of semi-metamorphosed
marly sandstones and schists, conglomerates and
carbonate platform rocks (ZIvALJEVIC et al., 1982).
The Mesozoic rocks are mostly located within the
Drina-Ivanjica tectonic klippen tectonically overlying
the East Bosnian-Durmitor unit (vAN UNEN et al.,
2019a). They are represented by the Triassic and Ox-
fordian to Kimmeridgian formations, overlain by the
Tithonian ophiolitic melange of the Western Vardar
Zone (traditionally termed Diabase-chert formation;
ZivaLJEVIC et al., 1982). The Lower Triassic formations
are the oldest rocks of the Drina-Ivanjica unit in the
area, lithologically represented by argillaceous nodu-
lar limestones and quartz mica sandstones and
shales (ZvaLjevic et al., 1982). Sedimentation con-
tinues with the Anisian and Ladinian association of
carbonates and volcaniclastic rocks related to rifting

and the opening of the Neotethys in this area
(ZvALJEVIC et al,, 1982). Unconformably overlying the
Triassic sediments and magmatics, the Oxfordian and
Kimmeridgian formations are represented by layered
marly limestones with cherts and were deposited in
a deeper water environment (ZIVALJEVIC et al., 1982).
The western Vardar zone is represented by a litho-
logically chaotic sandy-clay ophiolitic melange asso-
ciated with olistoliths of oceanic lithosphere rocks
(ZvaLjEvIC et al,, 1982).

Late Cretaceous-Paleogene turbidites of the
Prekarst & Bosnian flysch outcrop in tectonic
windows southwest of the Berane Basin. Flysch,
known in this area as Durmitor flysch, is repre-
sented by marls, clays, sandstones and limestones,
which contain lenses of limestone breccias (ZIva-
LJEVIC et al.,, 1982).

The Neogene sediments in the study area are re-
stricted to the Berane Basin, while the Quaternary
cover is related to various recent or active geo-
morphic processes (ZIVALJEVIC et al., 1982). Litho-
logical members of the basin infill are marls, clays,
sands, gravels, conglomerates and coal. The age of
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the sediments has been determined as Miocene,
based on the paleoflora of the Nelumbo genus
(ZIVAL]EVIC et al., 1982; DorpEVIC MILUTINOVIC et al.,
2018). However, the earliest deposition in the basin
started already in the latest Oligocene (DORPEVIC
MiLuTiNovIE & CuraLI¢, 2010; DorPEVIC MILUTINOVIC et
al,, 2018 and references therein). Quaternary forma-
tions related to the basin itself are generally repre-
sented by fluvial deposits as a result of the activity
of the river Lim, while the other Quaternary sedi-
ments in the study area consist of glacial, lacustrine
and deluvial deposits (ZIVALJEVIC et al., 1982).

Methodology

In this study, we conducted a field mapping of
faults kinematics, their geometry and superposition
along the Berane Basin margins. The mapping of
brittle faults and shear zones was done in various
chronostratigraphic and tectonic units and included
observations and dip-direction/dip measurements
of faults, slickenside kinematic indicators (e.g.,
DoBLas, 1998) such as mineral growth fibres and
grooves and Riedel shears, taking into account slip
directions, confidence criteria (after SPERNER &
ZWEIGEL, 2010) and fault cross-cutting and truncating
relationships to derive deformation superposition.

The one or several nearby outcrops where struc-
tures were observed are shown on the geological
map as an observation point (Fig. 2). At each out-
crop, we carefully analysed fault superposition
based on available data and observations to derive
a local sequence of faulting. Subsequently, all local
observations were integrated into a relative faulting
sequence in the studied area. Based on the faults’
superposition and correlation with existing obser-
vations elsewhere (e.g., vaN UNEN et al., 201943, b;
GRUND et al,, 2023), in this study, we further analysed
only deformation superpositionally located between
the two compressional phases. More precisely, we
analysed structures post-dating Cretaceous-Paleo-
gene collision (i.e., older contraction-related struc-
tures) and pre-dating late Miocene-Quaternary
indentation (thrusting and associated strike-slip,
sensu VAN UNEN et al., 2019a). Given the relatively
small study area, we conducted fault-slip data inver-

sion to calculate reduced paleostress tensors to derive
tectonic regimes driving the Berane Basin opening. In
the first step, fault-slip data from nearby observa-
tion points belonging to the same chronostrati-
graphic and tectonic units were grouped in different
sets based on the similarity of their kinematics.
Then, we used standardized inversion procedures
for calculation and optimization of reduced paleo-
stress tensor (e.g., ANGELIER & MECHLER, 1977; ANGELIER
& GOGUEL, 1979; ANGELIER, 1994) implemented in
WinTensor software (DEWAUX & SPERNER, 2003;
DEewvaux, 2011). Following the consistency of ob-
tained reduced paleostress tensors in the studied
area, the two main deformation phases were distin-
guished, extension parallel to the orogen (Dpar) and
extension perpendicular to the orogen (Dperp). Note
that the resulting paleostress axes within these two
phases do not show strong orientation in a certain
direction, but vary significantly. In that sense, in this
paper, we consider orogen-parallel extension when
the smallest stress axis (03) is located in the NW or
SE stereonet quadrant, while orogen-perpendicular
extension is associated with 03 located in the NE or
SW stereonet quadrant. The limitations of the pale-
ostress method in this area are related to a large
number of strike-slip or oblique-slip faults that lo-
cally accommodate different amounts of extension,
and are synchronous with normal faults. Such strain
partitioning between coval faults of different kine-
matics is a known methodological limitation (e.g,
VAN UNEN et al., 2019b, KrSTEKANIC et al ., 2020, 2022
and references therein) and has to be taken into ac-
count in data interpretation.

Results

Most of the observed structures related to the
extensional processes that resulted in the forma-
tion of the Berane Basin are purely brittle and are
documented in various Triassic to Jurassic sedi-
mentary rocks along the basin margins. In most
cases, these structures are represented by indi-
vidual discrete brittle faults or systems of sub-
parallel fault planes (Fig. 4a-d), occasionally
associated with brecciated material or fault gouge
within the fault zone.
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Fig. 4. Geological structures related to the bi-directional latest Oligocene-Miocene extension and their mutual relations. Faults related
to extension parallel to the orogen are shown in purple, faults related to extension perpendicular to the orogen in dark blue, and faults
related to Cretaceous-Paleogene northeast-southwest compression in green. a) Faults from the observation point P1, faults created in
the extension parallel to the orogen cross-cut the orogen-perpendicular extension faults. b) Normal faults formed by NW-SE oriented
orogen-parallel extension, located in Upper Jurassic sediments at point P11. c) Strike-slip to highly oblique-normal faults formed by
orogen-perpendicular extension cross-cut faults formed by orogen-parallel extension at point P4. d) The relationship between Creta-

ceous-Paleogene reverse faults and normal faults of orogen-parallel NW-SE extension, located on observation point P15.



Bi-directional extensional control of the Berane Basin formation, northern Montenegro

The first group of structures related to the orogen-
parallel extension were observed along both basin
margins, in the northwest and south-southeast.
These are dominantly NE-SW oriented moderate-
high angle normal and oblique-normal faults that
have a more dominant dip-slip component (Fig. 5).
Additionally, numerous high-angle to sub-vertical
highly oblique-slip and strike-slip faults were also
associated with orogen-parallel extension. These
faults have variable orientations, from WSW-ENE to
NW-SE and rarely N-S (Fig. 5). All the structures re-
lated to orogen-parallel extension are well dis-
tributed along the basin margins, with both normal
and strike-slip faults present along both margins. The
paleostress directions resulting from the inversion of
the fault-slip data show dominant extensional to
transtensional regime, and locally strike-slip (Table 1).

In all the situations the minimal stress axis is sub-
horizontal to low-angle and oriented in WNW-ESE to
NNW-SSE directions (Fig. 5, Table 1).

The second group of structures, related to orogen-
perpendicular extension, consists dominantly of high-
angle to sub-vertical strike-slip and oblique-slip faults,
while normal faults with dominant dip-slip component
were less common. Strike-slip faults have varying ori-
entations, dominantly from NW-SE to NE-SW and
sometimes E-W and are more numerous along south-
western margin of the basin (Fig. 6). Contrastingly,
rare normal faults are more often observed along
north-western basin margin where they have moder-
ate to high dip angle and are oriented in NW-SE to
N-S direction (Fig. 6). Calculated reduced paleostress
tensors demonstrate that these faults were active
under strike-slip and extensional regimes (Table 2).

Fig. 5. Stereoplots with faults related to orogen-parallel extension with calculated paleostress axes. The legend is the same as in Fig. 2.
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Table 1. Results of the paleostress analysis of faults related to extension parallel to orogen. Legend: Point - observation point on which
the faults were measured; DI - Drina-Ivanjica unit, EBD - East Bosnian-Durmitor unit, WVO - West Vardar Ophiolites; P - Permian,
7; - Lower Triassic, T?- Anisian, Tzz— Ladinian; ]3“2— Oxfrodian - Kimmeridgian, ]33 - Titonian; n - number of faults in the set;

1
a - arithmetic mean of angles between measured and theoretical slip direction; R - stress ratio (62-03)/(c1-03); Q - quality of results

(after DELVAUX & SPERNER, 2003); NF - extension, NS - transtension, SS - strike-slip.

Table 2. Results of the paleostress analysis of normal faults related to extension perpendicular to orogen. Legend: Point - observation
point on which the faults were measured; DI - Drina-Ivanjica unit, EBD - East Bosnian-Durmitor unit; P - Permian, T, - Lower Triassic,
T21— Anisian, TZZ - Ladinian, ]3“2 - Oxfrodian - Kimmeridgian; n - number of faults in the set; a — arithmetic mean of angles between

measured and theoretical slip direction; R - stress ratio (02-03)/(c1-03); Q - quality of results (after DELvAUX & SPERNER, 2003);

NF - extension, NS - transtension, SS - strike-slip.
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Fig. 6. Stereoplots with faults related to orogen-perpendicular extension with calculated paleostress axes. The legend is the same as in

Fig. 2.

In all cases, the minimal stress axis is sub-horizontal
and oriented in NNE-SSW to ENE-WSW direction,
with the most dominant direction being NE-SW (Fig.
6, Table 2), which is parallel to the Berane Basin’s
longer axis and perpendicular to the Dinarides oro-
gen. Accordingly, the maximal stress axis was in
strike-slip sets sub-horizontal and oriented in
WNW-ESE to NNW-SSE direction.

In a superpositional sense, these two fault
groups cross-cut each other (Fig. 4a, c), while they
cut older reverse faults also observed in the study
area (Fig. 4d) and are cut by the youngest Plio-
Quaternary N-S compression. Therefore, we as-
sume that these two groups of faults are syn-
chronous, belonging to the same deformation phase.

Discussion

The results of the kinematic analysis conducted
in this study have shown that two coeval tectonic
regimes were active during the formation of the Be-
rane Basin. These two regimes were dominantly
NW-SE oriented orogen-parallel extension and a
more complex strike-slip to extensional regime with
extension oriented in NE-SW (i.e., perpendicular to
the Dinarides orogen; Figs. 5, 6). Considering their
mutual cross-cutting relationship, as well as their
superposition with Cretaceous-Paleogene NE-SW
compression and late Miocene to Quaternary N-S
compression (observed in our study area as well as
elsewhere in the Dinarides (e.g., VAN UNEN et al,,



KATARINA STEFANOVIC & NEMANJA KRSTEKANIC

2019a, b) we suggest that both groups of struc-
tures presented above are formed by a complex bi-
directional extension, which was controlling the
deposition in the Berane Basin. Given the upper-
most Oligocene-lower Miocene age of the oldest
basin infill (ZIVAL]EVIC et al., 1982; DorpEVIC MILUTI-
Novi¢ & CuraLié, 2010; PorpEVIC MILUTINOVIC et al.,
2018), the observed bi-directional extension likely
started during the latest Oligocene-earliest Miocene.
However, because of the strong initial effects of the
Triassic rifting associated with similar extension di-
rections (e.g., VAN UNEN et al., 2019a, b), without the
absolute dating of faults, we cannot exclude that
some of the observed structures are of Triassic age.
Nonetheless, the facts that the faults were also ob-
served in the Upper Jurassic sediments and the
overprint of earlier compressional structures sup-
port the interpretation of the post-Cretaceous Paleo-
gene age of the majority of observed deformation.
However, the reported strike-slip to transpressional
regime during Paleogene in the internal Dinarides
(e.g., ILIC & NEUBAUER, 2005; MLADENOVIC et al., 2015;
PORKOLAB et al., 2019), likely the continuation and
part of the same Cretaceous-Paleogene conver-
gence and shortening (PorRkoLAB et al., 2019), re-
sulted in strike-slip and oblique-slip faults with
similar orientations and kinematics as some of the
faults formed during the Miocene extension. There-
fore, taking into account the significant similarity of
the strike-slip tear and transfer faulting during Cre-
taceous-Paleogene shortening (vAN UNEN et al,
2019b; PorkoLAB et al.,, 2019), Miocene bi-directional
extension and late Miocene-Quaternary compres-
sion (vAN UNEN et al, 2019a), inferences on the
strike-slip faulting age(s) in the Berane Basin area
should be taken with caution. However, the super-
position of reverse and normal faulting in the stu-
died area, and their interaction with the strike-slip
faults infer the change in post-Cretaceous times
from contractional deformation to bi-directional ex-
tension and finally again to contractional deforma-
tion followed by significant strain partitioning.

The large variability in fault orientation and their
kinematics, in particular, the change between coeval
normal, oblique-normal and strike-slip faults con-
trolled by distinct paleostress regimes, indicate a
significant strain partitioning during the Miocene

extension in the study area. We suggest that both di-
rections of deformation formed a series of half
grabens (Fig. 7a, b) that typically form with normal
faulting in the centre of the fault system which
change along the fault strike to more oblique or
strike-slip displacements towards the fault tips as
the offset dissipates or is transferred to another nor-
mal fault along strike-slip transfer faults. Due to
being formed under two coeval extension direc-
tions, half grabens superpose, while faults overprint
each other (Fig. 7c). However, these two tectonic
regimes likely didn’t have the same effect on the
basin subsidence. The more numerous normal
faults formed by orogen-parallel extension imply
that this extensional direction was more responsible
for the basin subsidence, while the orogen-perpen-
dicular extension had less effect on the basin geom-
etry and likely contributed to its segmentation. This
is somewhat different from the rest of the Dinarides
farther to the NW of our studied area, where the
orogen-perpendicular extension was more domi-
nant than the orogen-parallel one (vAN UNEN et al.,
2019Db).

Fig. 7. Sketch of the mechanism of strain partitioning between
coeval faults with different kinematics. a) Half grabens formed
by NE-SW extension. b) Half grabens formed by NW-SE extension.
c) Interplay of mutually overprinting half grabens resulting in a

complex fault pattern.

Two potential drivers of extensions that led to
the formation of Oligocene-Miocene basins in the
Dinarides are the extension in the Pannonian Basin
(e.g., MaTENCO & RADIVOJEVIC, 2012; vAN UNEN et al.,
2019b and references therein) and the roll-back of
the Aegean slab (i.e, Aegean collapse; e.g., HANDY et al.,
2019). For the majority of the Dinarides intramontane
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basins located farther away to the NW (Fig 1a), the
orogen-perpendicular, Panonnian Basin-related ex-
tension, was more dominant (vAN UNEN et al,
2019b). However, the Berane Basin is located more
closely to the Hellenides and the Aegean slab than
to the Pannonian Basin suggesting that it could have
been influenced more by the Aegean slab roll-back.
Furthermore, most of the orogen-perpendicular ex-
tension could have been accommodated along the
reactivated East Bosnian-Durmitor thrust (vAN UNEN
etal,, 2019a,b), leading to the more dominant effect
of the orogen-parallel extension in its hanging wall.
This all implies that the shift from orogen-perpen-
dicular- to orogen-parallel-dominated extension in
the Dinarides takes place in a larger vicinity of our
studied area, which leads to a significant strain par-
titioning. Previously, the influence of the Aegean
slab-driven extension was inferred to be limited to
the Hellenides and taken up mostly by the Skadar-
Pe¢ Fault that controls the oroclinal bending and ex-
tensions parallel and perpendicular to the orogen in
the upper plate above the Hellenic slab segment of
the Adriatic plate (HaNDY et al., 2019; GRUND et al.,
2023). However, the results of this study suggest that
the gravitational, fault-controlled collapse behind the
Hellenides island arc likely resulted in local sub-
sidence also farther to the north-west and beyond the
Dinarides-Hellenides boundary (i.e., the Skadar-Pe¢
Fault), in an area of the Dinarides that includes the Be-
rane Basin (MARroviC et al., 2007).

Conclusions

In this study, we conducted a field kinematic
analysis of structures along the Berane Basin margins,
which were controlling its formation and sub-
sidence. The results of fault-slip data inversion and
observed fault superposition have shown that the
two distinct tectonic regimes were coeval and active
during the latest Oligocene-Miocene basin forma-
tion. These two regimes and associated complex
fault pattern were the result of the interplay of two
directions of extension, one parallel to the Dinarides
orogen and one perpendicular to it. We suggest that
the basin formed as a complex system of mutually
overprinting half grabens, where normal faults

change their kinematics to strike-slip along strike,
or otherwise strike-slip faults accommodate the
transfer of extension between different normal
faults. Furthermore, observations suggest that the
orogen-parallel extension contributed more to the
subsidence and geometry of the Berane Basin com-
pared to the one perpendicular to the orogen, while
both were more likely driven by the extension
associated with the Skadar-Pe¢ Fault, rather than
the Pannonian extension.
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Pe3ume

JBoCcMepHa eKCTeH3MOHa KOHTPOoJIa
dopmupama bepaHcKor 6aceHa,
ceBepHa lipHa I'opa

BepaHcku 6aceH cUTyUpaH je Yy [JOMeHY
rpaHu4yHoOr nojpydyja [unapuzaa v XeJaeHuja, Ha
IIPEHEeOTEKTOHCKOj OCHOBU /JlpuHa-HBamwune u

M cTo4uHO60CAHCKO-AYPMHUTOPCKE jeIuHUIlEe. 3HAYA]
b6aceHa orjeja ce y MoryhHocTu pasyMmeBamba
y3ajaMHOr JejcTBa Iponeca Be3aHUX 3a /JluHa-
PUACKHU OporeH U yTUILaj Erejeckor Kosarca Koju je
pe3yJTHpPao HaCTaHKOM 6GaceHa Ha OBOM NOJPYYjy.
dopmMupame 6aceHa y 0BOM O pPYYjy, nocjaeauLa
je nenoBama pacena Ckazap-Ileh, koju KoHTpoO-
JIU1Ie OPOKJ/IMHO NIOBUjak-€ U eKCTEH3HU]je IapasiesiHe
OpOreHy M yIpaBHe Ha Hera Ha ropoOoj IJI0YU
jyrosanazgHo noJsiayeher xeseHU/CKOr cerMeHTa
aapujcke miove (Hanpy et al, 2019; GrRunD et al.,,
2023). 'paBUTAllMOHU KOJAIC, KOjU je KOHTpPO-
JIUCaH pacesioM, U3a XeJIeHUICKOT OCTPBCKOT JIYKa,
pe3y/sTUpao je cTBapawmeM 6GaceHa CeBEPHO Of
rpanule [lunapuga-XeseHuza, y noapydjy Koje
3axBaTa U bepaHncku 6aceH (MARoviC et al,, 2007).
[I1/b OBOT MCTpaKUBama jecTe Aa 06jacHU y3ajaM-
HO [ejCTBO U NOCJeAHUlle UCTOBPEMEHOT JejcTBa
eKCTeH3Mja Ha 0BOM nozpydyjy. TepeHcka cTpyk-
TYpHa UCTpakMBama Cy y OBOM pajy 6usa ycMme-
peHa Ha Npoy4yaBakbe reoMeTpHje U KHHeMaTHKe
paceZila KOju KOHTPOJIMILY OTBapakme bepaHckor
6aceHa 1Mo 060,y camor 6aceHa. Ha ocHoBy omcep-
BUpaHe Cylleprno3uliyje paceJHUX CTPYKTYpa, ofpa-
heHa je masioHanoHCKa aHa/lM3a aHa/M3a paceja
MJiabux of; KpeiHO-TIasleoreHe KOMIIpecoHe ¢ase
Y CTApHjUX OJf TOPHOMUOLEHCKO-KBapTapHe KOM-
npecuyje. PesystaTy cy nokasasau /3, NOYEBUIN OF,
HajKaCHUjer OJIMToLleHa U TOKOM MUOLeHa, JBO-
CMepHa eKCTeH3Uja, paheHa CHa)KHOM paclo/je-
JoM jAedopMalMja U 4YeCTO KOCUM CMULAHUMa,
KoHTposiuule ¢opMupamwe bepaHckor 6aceHa.
ExcreHsuja mnapaJsiesHa /lMHapuJCKOM OpPOTEHY,
HCHoJbeHa reHepajHuM npasueMm C3-JU, nokasyje
JIOMUHAHTHUje yTULaje HA cyOCUJeHL U]y U Hac-
TaHaK caMor 6aceHa, [IOK je eKCTeH3Uja yIIpaBHa Ha
JvHapujcku oporeH, reHepajiHor npasua CU-J3,
MMaJla yTULaj Ha cerMeHTauujy 6aceHa. baceH
nokasyje rpahy cucteMa MoJiy-poBOBa, IPU YeMy ce
OCHIM I'PaBUTALIMOHUX pacea, MIPUCYTHHU U CUCTEMHU
TPaHCKypPEeHTHUX pace/ia KOju akoOMOAUPajy pasJiu-
Ke Y U3HOCHMMa eKCTeH3Uje U IpeHoce AedopMalujy
HM3Mehy cyceIHUX T'PaBUTALLMOHUX pace/a.
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