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Abstract. The Berane Basin is a Miocene, northeast-southwest oriented in-tramountain basin of the Dinarides, overlying the pre-neotectonic basementof the Drina–Ivanjica unit, the East Bosnian–Durmitor unit and the WesternVardar Zone. The structural evolution and the tectonic regimes that controlledthe formation of the Berane Basin are not fully understood. In this paper, weconducted field kinematic analysis by applying fault-slip inversion to derivepaleostress regimes and study the deformation phases that led to the forma-tion of the Berane Basin. Observed deformation is related to the latestOligocene-Miocene extension in two directions, perpendicular and parallel tothe Dinarides orogen. Such bi-directional extension resulted in a complex faultpattern where, among observed normal, oblique and strike-slip faults, thosewith oblique-normal slip dominate. The observed faults likely form a systemof mutually overprinting half-grabens, mainly driven by orogen-parallel extension associated with the large-scale regional Skadar–Peć Fault, while orogen-perpendicular extension has subordinate effects on the Berane Basinformation.
Key words:
bi-directional extension,
stress regime, strain partitioning,
Dinarides, Berane Basin.

Апстракт. Берански басен је миоценски унутарпланински басен Дина -рида, оријентисан правцем североисток-југозапад, који лежи на пренео -тектонској основи Дрина–Ивањице, Источнобосанско–дурмиторскејединице и Западне вардарске зоне. Структурна еволуција и тектонскирежими који су контролисали формирање Беранског басена нису употпуности познати. У овом раду, примењена је кинематска анализапутем инверзије кретања по раседима да би се добили режими палео -напонског поља и проучиле деформационе фазе које су довеле доформирања Беранског басена. Опсервиране деформације су везане занајкасније олигоценску до миоценску екстензију по два правца, управнуи паралелну на Динаридски ороген. Таква двосмерна екстензијарезултирала је комплексним системом раседа, где међу опсервиранимгравитационим, косим и транскурентним раседима, доминирају косиO n - L i n e  F i r s t
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IntroductionThe Berane Basin represents a Miocene intra-mountain basin located in the Internal Dinarides ofnorthern Montenegro (Fig. 1, SchMID et al., 2008,2020, and references therein). Processes that causedits formation, the kinematics of the structures controlling its opening and subsidence and its generalposition in the overall Dinarides structure, are notyet fully understood. The longer Berane Basin axisis northeast-southwest oriented, which differs fromother cenozoic intra-mountain basins of the Dina -rides orogen formed by an orogen-perpendicularextension (anDrIć et al., 2017; Van UnEn et al., 2019a,2019b, and references therein). Potentially, a verylarge influence on the development of the BeraneBasin was the deformation along the nearby large-scale orogen-perpendicular Skadar–Peć Fault (hanDyet al., 2019; MarOVIć et al., 2007). The Skadar–PećFault offset has two components, an orogen-parallelnormal and a dextral strike-slip component (hanDyet al., 2019).The aim of this study is to determine the kine-matics of the Berane Basin-controlling faults and tolink the basin formation and its present-day geom-etry to large-scale regional processes controlling de-formations in the Dinarides during the Miocenetimes. We conducted the paleostress analysis of faultkinematics along the Berane Basin margins takinginto account faults’ superposition to constrain tec-tonic regimes and phases that controlled the basinsubsidence and deformation.
Geological settingsThe 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., 2019a, b). The tectonic evolution of

the Dinarides and the processes that determinedtheir present-day geometry and the formation ofsedimentary basins were manifested in different deformation phases and tectonic regimes. The mostsignificant events are related to the middle Triassic,jurassic, cretaceous–Paleogene, Eocene, early Mioceneand Plio–Quaternary periods (SchMID et al., 2008,2020, and references therein; see also GaWLIcK et al.,2017, and GaWLIcK & MISSOnI, 2019).The first significant tectonic event in the evolutionof the Dinarides was continental rifting during theMiddle Triassic, which was accompanied by extensivemagmatism and the development of the adriatic pas-sive continental margin. This rifting ultimatelyresult ed in the opening of the neotethys Ocean be-tween the adria microcontinent and Europe-de-rived tectonic units (SchMID et al., 2008, 2020; VanhInSBErGEn et al., 2020 and references therein). Sub-sequently, the neotethys Ocean started to close bysubduction during the Middle jurassic, which wasfollowed by the Late jurassic obduction and the em-placement of ophiolites over the adriatic passivemargin (i.e., the Western Vardar ophiolitic unit ofSchMID et al., 2008, 2020 and references therein).For slightly different timing and interpretations ofthe Triassic passive margin formation and subse-quent Middle-Late jurassic intra-oceanic subductionand obduction see GaWLIcK et al. (2017) and GaWLIcK& MISSOnI (2019) and references therein. Followingthe 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 uppermostnappe in the composite nappe-system is the jadar-Kopaonik unit in the Internal Dinarides, which isthrust over the Drina–Ivanjica unit, which is furtherthrust over the East Bosnian–Durmitor unit, themost external of the Internal Dinarides units. TheEast Bosnian-Durmitor unit is thrust towards south-
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гравитациони. Опсервирани раседи формирају системе полу-ровова којисе међусобно преклапају, а генерално су контролисани екстензијом пара -лелном орогену асоцираном са смицањима по великом регионалномСкадар–Пећ раседу, док је екстензија управна на ороген имала подређенеефекте у формирању Беранског басена.
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Bi-directional extensional control of the Berane Basin formation, northern Montenegro

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 SchmiD 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; ŽivAljEvić et al., 1981; vAn UnEn et al., 2019b and SchmiiD et al., 2020).
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west over the External Dinarides units, consisting ofnappe sequence of Pre-karst unit and Bosnian flysh,the high Karst unit, the Budva–cukali unit and theexternal-most Dalmatian unit (Fig. 1). Ultimately,the collision caused the formation of the Sava zone,a suture zone between units of adriatic and Europeanaffinity (e.g., PaMIć, 2002; SchMID 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 (BaDa et al 2007;SchMID et al., 2008, 2020; MaTEncO & raDIVOjEVIć, 2012;STOjaDInOVIć et al., 2013, and references therein). Thefinal process, still active today, is the Pliocene-Quater-nary indentation of the adriatic microplate causingthe inversion of the Pannonian Basin associated witha compressional stress field in the Dinarides (BaDa etal., 2007; SchMID et al., 2008, 2020; Van UnEn et al.,2019b and references therein).The Berane Basin is located in the transitionzone 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 basinthrust over the Pre-Karst Unit and is farther to thenorth thrust by the Drina-Ivanjica Unit (Fig. 1b;ŽIVaLjEVIć et al., 1981, 1982; DIMITrIjEVIć, 1997;SchMID et al., 2008). additionally, a structural subdi-vision in the Berane Basin vicinity is further com-plicated by unclear internal relationships of severalpotential tectonic windows and klippen. ŽIVaLjEVIć etal. (1981, 1982) interpret Triassic units to the westof the basin as the Bjelasica window of the Pre-KarstUnit outcropping beneath the East Bosnian–Durmi-tor Unit, while Triassic-jurassic sedimentary andmagmatic rocks overlain by ophiolitic melange (tra-ditionally known as the Diabase-chert formation)located eastward of the basin are attributed to theLim sub-unit of the East Bosnian – Durmitor Unit(DIMITrIjEVIć, 1997). recently, different interpreta-tions of the area have been proposed in which bothBjelasica and Lim are actually tectonic klippen of theDrina-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 thestructural evolution of the Berane Basin and adoptthe recent-most tectonic units division of Van UnEnet al. (2019a).according to Van UnEn et al. (2019a), the main re-gional structures in the Berane Basin vicinity are thenappe contacts between the Drina–Ivanjica, EastBosnian–Durmitor and Pre-Karst units (Fig. 1b). additionally, the large-scale southeast-dipping oro-gen-perpendicular Skadar–Peć Fault (note alterna-tive names in publications such as Scutari–Peć,Shkoder–Peć, Scutari–Peja or Shkoder–Peja; e.g.,KISSEL et al., 1995; hanDy et al., 2019; GrUnD et al.,2023) is located to the southeast of the BeraneBasin, offsets the orogenic structure and marks thetransition between the Dinarides and helenides(Fig. 1). The Skadar–Peć Fault is divided into twosegments, the Skadar-Peć Transverse Zone (SPTZ)and the Skadar–Peć normal Fault (SPnF), which differin terms of kinematics and the direction of exten-sion to which their origin is related (hanDy et al.,2019). The Skadar-Peć Transverse Zone has a pro-nounced dextral offset, while the SPnF, the Skadar-Peć normal Fault, is related to the orogen-parallelextension (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 (GrUnDet al., 2023). The early phase of normal faulting wasassociated with mylonitic shearing, where the ageof metamorphism is older than Eocene. The laterphase is set in the middle to late Miocene times andis related to syn-rift sedimentation during the tec-tonic subsidence of the Metohija Basin on the faulthanging wall (WKB of GrUnD et al., 2023).The Dinarides nappes, overlain by the BeraneBasin, are made of Devonian–carboniferous, Per-mian, Triassic, jurassic and cretaceous-Paleogenerocks, while the basin’s infill is built of uppermostOligocene to Miocene sediments (Figs. 2, 3; ŽIVaLjEVIćet al., 1982; ĐOrĐEVIć MILUTInOVIć & ćUFaLIć, 2010;ĐOrĐEVIć MILUTInOVIć et al., 2018 and referencestherein).The East Bosnian–Durmitor unit consists of theoldest rocks in the research area, represented bychlorite-sericite schists with lenses of weakly meta-
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Bi-directional extensional control of the Berane Basin formation, northern Montenegro

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; ŽivAljEvić et al., 1981 and SchmiD et al., 2020).O n - L i n e  F i r s t



morphosed sandstones, siltstones, limestones, con-glomerates and schists metamorphosed in the verylow- to low-greenschist facies, while the age of theprotoliths is estimated as Devonian-carboniferous(ŽIVaLjEVIć et al., 1982). The Permian rocks were de-posited continuously on the Devonian–carboniferousassemblage and are made of semi-metamorphosedmarly sandstones and schists, conglomerates andcarbonate platform rocks (ŽIVaLjEVIć et al., 1982). The Mesozoic rocks are mostly located within theDrina-Ivanjica tectonic klippen tectonically overlyingthe East Bosnian-Durmitor unit (Van UnEn et al.,2019a). They are represented by the Triassic and Ox-fordian to Kimmeridgian formations, overlain by theTithonian ophiolitic melange of the Western VardarZone (traditionally termed Diabase-chert formation;ŽIVaLjEVIć et al., 1982). The Lower Triassic formationsare the oldest rocks of the Drina–Ivanjica unit in thearea, lithologically represented by argillaceous nodu-lar limestones and quartz mica sandstones andshales (ŽIVaLjEVIć et al., 1982). Sedimentation con -tinues with the anisian and Ladinian association ofcarbonates and volcaniclastic rocks related to rifting

and the opening of the neotethys in this area(ŽIVaLjEVIć et al., 1982). Unconformably overlying theTriassic sediments and magmatics, the Oxfordian andKimmeridgian formations are represented by layeredmarly limestones with cherts and were deposited ina deeper water environment (ŽIVaLjEVIć 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(ŽIVaLjEVIć et al., 1982). Late cretaceous-Paleogene turbidites of thePrekarst & 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 (ŽIVa -LjEVIć et al., 1982).The neogene sediments in the study area are re-stricted to the Berane Basin, while the Quaternarycover is related to various recent or active geo -morphic processes (ŽIVaLjEVIć 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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Fig. 3. Geological columns of tectonic units and the Berane Basin in the study area (modified after ŽivAljEvić et al., 1982). The green line
indicates obduction-related trusting and the blue lines indicate cretaceous-Paleogene thrusting.
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the sediments has been determined as Miocene,based on the paleoflora of the nelumbo genus(ŽIVaLjEVIć et al., 1982; ĐOrĐEVIć MILUTInOVIć et al.,2018). however, the earliest deposition in the basinstarted already in the latest Oligocene (ĐOrĐEVIćMILUTInOVIć & ćUFaLIć, 2010; ĐOrĐEVIć MILUTInOVIć etal., 2018 and references therein). Quaternary forma-tions related to the basin itself are generally repre-sented by fluvial deposits as a result of the activityof the river Lim, while the other Quaternary sedi-ments in the study area consist of glacial, lacustrineand deluvial deposits (ŽIVaLjEVIć et al., 1982).
MethodologyIn this study, we conducted a field mapping offaults kinematics, their geometry and superpositionalong the Berane Basin margins. The mapping ofbrittle faults and shear zones was done in variouschronostratigraphic and tectonic units and includedobservations and dip-direction/dip measurementsof faults, slickenside kinematic indicators (e.g.,DOBLaS, 1998) such as mineral growth fibres andgrooves and riedel shears, taking into account slipdirections, confidence criteria (after SPErnEr &ZWEIGEL, 2010) and fault cross-cutting and truncatingrelationships to derive deformation super position.The one or several nearby outcrops where struc-tures were observed are shown on the geologicalmap as an observation point (Fig. 2). at each out-crop, we carefully analysed fault superpositionbased on available data and observations to derivea local sequence of faulting. Subsequently, all localobservations were integrated into a relative faultingsequence in the studied area. Based on the faults’superposition and correlation with existing obser-vations elsewhere (e.g., Van UnEn et al., 2019a, b;GrUnD et al., 2023), in this study, we further analysedonly deformation superpositionally located betweenthe two compressional phases. More precisely, weanalysed structures post-dating cretaceous-Paleo-gene collision (i.e., older contraction-related struc-tures) and pre-dating late Miocene-Quaternaryindentation (thrusting and associated strike-slip,
sensu Van UnEn et al., 2019a). Given the relativelysmall study area, we conducted fault-slip data inver-

sion to calculate reduced paleostress tensors to derivetectonic regimes driving the Berane Basin opening. Inthe first step, fault-slip data from nearby observa-tion points belonging to the same chronostrati-graphic and tectonic units were grouped in differentsets based on the similarity of their kinematics.Then, we used standardized inversion proceduresfor calculation and optimization of reduced paleo -stress tensor (e.g., anGELIEr & MEchLEr, 1977; anGELIEr& GOGUEL, 1979; anGELIEr, 1994) implemented inWinTensor software (DELVaUx & SPErnEr, 2003; DELVaUx, 2011). Following the consistency of ob-tained reduced paleostress tensors in the studiedarea, the two main deformation phases were distin-guished, extension parallel to the orogen (Dpar) andextension perpendicular to the orogen (Dperp). notethat the resulting paleostress axes within these twophases do not show strong orientation in a certaindirection, but vary significantly. In that sense, in thispaper, we consider orogen-parallel extension whenthe smallest stress axis (σ3) is located in the nW orSE stereonet quadrant, while orogen-perpendicularextension is associated with σ3 located in the nE orSW stereonet quadrant. The limitations of the pale-ostress method in this area are related to a largenumber of strike-slip or oblique-slip faults that lo-cally accommodate different amounts of extension,and are synchronous with normal faults. Such strainpartitioning between coval faults of different kine-matics is a known methodological limitation (e.g,Van UnEn et al., 2019b, KrSTEKanIć et al ., 2020, 2022and references therein) and has to be taken into ac-count in data interpretation.
ResultsMost of the observed structures related to theextensional processes that resulted in the forma-tion of the Berane Basin are purely brittle and aredocumented in various Triassic to jurassic sedi-mentary rocks along the basin margins. In mostcases, these structures are represented by indi -vidual discrete brittle faults or systems of sub-parallel fault planes (Fig. 4a–d), occasionallyassoci ated with brecciated material or fault gougewithin the fault zone.

Bi-directional extensional control of the Berane Basin formation, northern Montenegro
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KAtARINA StEFANoVIć & NEMANjA KRStEKANIć

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.O n - L i n e  F i r s t



The first group of structures related to the orogen-parallel extension were observed along both basinmargins, in the northwest and south-southeast.These are dominantly nE–SW oriented moderate-high angle normal and oblique-normal faults thathave a more dominant dip-slip component (Fig. 5).additionally, numerous high-angle to sub-verticalhighly oblique-slip and strike-slip faults were also associated with orogen-parallel extension. Thesefaults have variable orientations, from WSW–EnE tonW–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 normaland strike-slip faults present along both margins. Thepaleostress directions resulting from the inversion ofthe fault-slip data show dominant extensional totranstensional 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 tonnW–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 componentwere less common. Strike-slip faults have varying ori-entations, dominantly from nW–SE to nE–SW andsometimes E–W and are more numerous along south-western margin of the basin (Fig. 6). contrastingly,rare normal faults are more often observed alongnorth-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 paleostresstensors demonstrate that these faults were activeunder strike-slip and extensional regimes (Table 2).

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

Fig. 5. Stereoplots with faults related to orogen-parallel extension with calculated paleostress axes. The legend is the same as in Fig. 2.O n - L i n e  F i r s t
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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, 
T – lower Triassic, T – Anisian, T  – ladinian; j    – Oxfrodian – Kimmeridgian, j   – Titonian; n – number of faults in the set; 
α – arithmetic mean of angles between measured and theoretical slip direction; R – stress ratio (σ2–σ3)/(σ1–σ3); 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,
T  – Anisian, T   – ladinian, j       – Oxfrodian – Kimmeridgian; n – number of faults in the set; α – arithmetic mean of angles between
measured and theoretical slip direction; R – stress ratio (σ2–σ3)/(σ1–σ3); Q – quality of results (after DElvAUx & SPERnER, 2003); 
nF – extension, nS – transtension, SS – strike-slip.
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In all cases, the minimal stress axis is sub-horizontaland 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’slonger axis and perpendicular to the Dinarides oro-gen. accordingly, the maximal stress axis was instrike-slip sets sub-horizontal and oriented in WnW–ESE to nnW–SSE direction. In a superpositional sense, these two faultgroups cross-cut each other (Fig. 4a, c), while theycut older reverse faults also observed in the studyarea (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.

DiscussionThe results of the kinematic analysis conductedin this study have shown that two coeval tectonicregimes were active during the formation of the Be-rane Basin. These two regimes were dominantlynW-SE oriented orogen-parallel extension and amore complex strike-slip to extensional regime withextension oriented in nE–SW (i.e., perpendicular tothe Dinarides orogen; Figs. 5, 6). considering theirmutual cross-cutting relationship, as well as theirsuperposition with cretaceous–Paleogene nE–SWcompression and late Miocene to Quaternary n–Scompression (observed in our study area as well aselsewhere in the Dinarides (e.g., Van UnEn et al.,

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

Fig. 6. Stereoplots with faults related to orogen-perpendicular extension with calculated paleostress axes. The legend is the same as in
Fig. 2.
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2019a, b) we suggest that both groups of struc-tures presented above are formed by a complex bi-directional extension, which was controlling thedeposition in the Berane Basin. Given the upper-most Oligocene–lower Miocene age of the oldestbasin infill (ŽIVaLjEVIć et al., 1982; ĐOrĐEVIć MILUTI -nOVIć & ćUFaLIć, 2010; ĐOrĐEVIć MILUTInOVIć et al.,2018), the observed bi-directional extension likelystarted during the latest Oligocene–earliest Miocene.however, because of the strong initial effects of theTriassic rifting associated with similar extension di-rections (e.g., Van UnEn et al., 2019a, b), without theabsolute dating of faults, we cannot exclude thatsome of the observed structures are of Triassic age.nonetheless, the facts that the faults were also ob-served in the Upper jurassic sediments and theoverprint 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 transpressionalregime during Paleogene in the internal Dinarides(e.g., ILIć & nEUBaUEr, 2005; MLaDEnOVIć et al., 2015;POrKOLáB et al., 2019), likely the continuation andpart of the same cretaceous–Paleogene conver-gence and shortening (POrKOLáB et al., 2019), re-sulted in strike-slip and oblique-slip faults withsimilar orientations and kinematics as some of thefaults formed during the Miocene extension. There-fore, taking into account the significant similarity ofthe strike-slip tear and transfer faulting during cre-taceous-Paleogene shortening (Van UnEn et al.,2019b; POrKOLáB et al., 2019), Miocene bi-directionalextension and late Miocene-Quaternary compres-sion (Van UnEn et al., 2019a), inferences on thestrike-slip faulting age(s) in the Berane Basin areashould be taken with caution. however, the super-position of reverse and normal faulting in the stu-died area, and their interaction with the strike-slipfaults infer the change in post-cretaceous timesfrom 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 theirkinematics, in particular, the change between coevalnormal, oblique-normal and strike-slip faults con-trolled by distinct paleostress regimes, indicate asignificant strain partitioning during the Miocene

extension in the study area. We suggest that both di-rections of deformation formed a series of halfgrabens (Fig. 7a, b) that typically form with normalfaulting in the centre of the fault system whichchange along the fault strike to more oblique orstrike-slip displacements towards the fault tips asthe offset dissipates or is transferred to another nor-mal fault along strike-slip transfer faults. Due tobeing formed under two coeval extension direc-tions, half grabens superpose, while faults overprinteach other (Fig. 7c). however, these two tectonicregimes likely didn’t have the same effect on thebasin subsidence. The more numerous normalfaults formed by orogen-parallel extension implythat this extensional direction was more responsiblefor the basin subsidence, while the orogen-perpen-dicular extension had less effect on the basin geom-etry and likely contributed to its segmentation. Thisis somewhat different from the rest of the Dinaridesfarther to the nW of our studied area, where theorogen-perpendicular extension was more domi-nant than the orogen-parallel one (Van UnEn et al.,2019b).

Two potential drivers of extensions that led tothe formation of Oligocene-Miocene basins in theDinarides are the extension in the Pannonian Basin(e.g., MaTEncO & raDIVOjEVIć, 2012; Van UnEn et al.,2019b and references therein) and the roll-back ofthe aegean slab (i.e, aegean collapse; e.g., hanDy et al.,2019). For the majority of the Dinarides intramontane
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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.O n - L i n e  F i r s t



basins located farther away to the nW (Fig 1a), theorogen-perpendicular, Panonnian Basin-related ex-tension, was more dominant (Van UnEn et al.,2019b). however, the Berane Basin is located moreclosely to the hellenides and the aegean slab thanto the Pannonian Basin suggesting that it could havebeen influenced more by the aegean slab roll-back.Furthermore, most of the orogen-perpendicular ex-tension could have been accommodated along thereactivated East Bosnian–Durmitor thrust (Van UnEnet al., 2019a,b), leading to the more dominant effectof the orogen-parallel extension in its hanging wall.This all implies that the shift from orogen-perpen-dicular- to orogen-parallel-dominated extension inthe Dinarides takes place in a larger vicinity of ourstudied area, which leads to a significant strain par-titioning. Previously, the influence of the aegeanslab-driven extension was inferred to be limited tothe hellenides and taken up mostly by the Skadar–Peć Fault that controls the oroclinal bending and ex-tensions parallel and perpendicular to the orogen inthe upper plate above the hellenic slab segment ofthe adriatic plate (hanDy et al., 2019; GrUnD et al.,2023). however, the results of this study suggest thatthe gravitational, fault-controlled collapse behind thehellenides island arc likely resulted in local sub -sidence also farther to the north-west and beyond theDinarides-hellenides boundary (i.e., the Skadar–PećFault), in an area of the Dinarides that includes the Be-rane Basin (MarOVIć et al., 2007).
ConclusionsIn this study, we conducted a field kinematicanalysis of structures along the Berane Basin margins,which were controlling its formation and sub -sidence. The results of fault-slip data inversion andobserved fault superposition have shown that thetwo distinct tectonic regimes were coeval and activeduring the latest Oligocene-Miocene basin forma-tion. These two regimes and associated complexfault pattern were the result of the interplay of twodirections of extension, one parallel to the Dinaridesorogen and one perpendicular to it. We suggest thatthe basin formed as a complex system of mutuallyoverprinting half grabens, where normal faults

change their kinematics to strike-slip along strike,or otherwise strike-slip faults accommodate thetransfer of extension between different normalfaults. Furthermore, observations suggest that theorogen-parallel extension contributed more to thesubsidence and geometry of the Berane Basin com-pared to the one perpendicular to the orogen, whileboth were more likely driven by the extensionassoci ated with the Skadar-Peć Fault, rather thanthe Pannonian extension.  
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Резиме

Двосмерна екстензиона контрола
формирања Беранског басена,
северна Црна ГораБерански басен ситуиран је у доменуграничног подручја Динарида и Хеленида, напренеотектонској основи Дрина-Ивањице и

Источнобосанско-дурмиторске јединице. Значајбасена огледа се у могућности разумевањаузајамног дејства процеса везаних за Дина -ридски ороген и утицај Егејеског колапса који јерезултирао настанком басена на овом подручју.Формирање басена у овом подручју, последицаје деловања раседа Скадар–Пећ, који контро -лише ороклино повијање и екстензије паралелнеорогену и управне на њега на горњој плочијугозападно повлачећег хеленидског сегментаадријске плоче (hanDy et al., 2019; GrUnD et al.,2023). Гравитациони колапс, који је контро -лисан раседом, иза хеленидског острвског лука,резултирао је стварањем басена северно одгранице Динарида–Хеленида, у подручју којезахвата и Берански басен (MarOVIć et al., 2007).Циљ овог истраживања јесте да објасни узајам -но дејство и последице истовременог дејстваекстензија на овом подручју. Теренска струк -турна истраживања су у овом раду била усме -рена на проучавање геометрије и кинематикераседа који контролишу отварање Беранскогбасена по ободу самог басена. На основу опсер -виране суперпозиције раседних структура, одра -ђена је палонапонска анализа анализа раседамлађих од кредно-палеогене компресионе фазеи старијих од горњомиоценско-квартарне ком -пресије. Резултати су показали да, почевши однајкаснијег олигоцена и током миоцена, дво -смерна екстензија, праћена снажном расподе -лом деформација и често косим смицањима,контролише формирање Беранског басена.Екстензија паралелна Динаридском орогену,испољена генералним правцем СЗ–ЈИ, показуједоминантније утицаје на субсиденцију и нас -танак самог басена, док је екстензија управна наДинаридски ороген, генералног правца СИ–ЈЗ,имала утицај на сегментацију басена. Басенпоказује грађу система полу-ровова, при чему сеосим гравитационих раседа, присутни и системитранскурентних раседа који акомодирају разли -ке у износима екстензије и преносе деформацијуизмеђу суседних гравитационих раседа.
manuscript received February 27, 2024

Revised manuscript accepted june 05, 2024

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

O n - L i n e  F i r s t


