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Abstract: The Bosnian Flysch, deposited within the Dinaric foreland basin in eastern Herzegovina, consists of thick 
deep-sea turbiditic successions represented by the Lower Cretaceous Vranduk Formation and the Upper Cretaceous– 
Paleogene Ugar Formation. The Vranduk Formation in eastern Herzegovina is predominantly siliciclastic in nature, 
sourced from the northeasterly positioned Adria-derived continental basement units and Neotethys ophiolites. Biostrati-
graphic data suggest a Barremian to Albian age for the Vranduk Formation in this area. The Ugar Formation in eastern 
Herzegovina consists of three members: (i) basal Upper Cretaceous limestone breccias and conglomerates; (ii) Upper 
Cretaceous carbonate–clastic sediments; and (iii) Paleocene carbonate–siliciclastic sediments, derived from the SW situated 
Adriatic Carbonate Platform, and redeposited into the foreland basin. Our biostratigraphic data indicate a Turonian to 
Lower Santonian age for the basal breccias and conglomerates, an Upper Santonian to Maastrichtian age for the Upper 
Cretaceous carbonates, and a Paleocene age for the carbonate–clastic sediments. Kinematic analysis of faults and  
the reconstruction of paleostress fields have identified three significant and temporally distinct tectonic phases.  
Reverse and strike-slip faults were active during the Cretaceous–Paleogene deformation phase, which developed  
under compression of a general NE–SW orientation. The second deformation is characterized by a regional event,  
the Oligocene–Miocene extension, during which older reverse structures were reactivated as normal faults, and new 
normal faults were also developed. Here, normal faults active in extension parallel to the orogen (NW–SE orientation) 
and those active in extension perpendicular to the orogen (NE–SW orientation) can be distinguished. The youngest, Late 
Miocene deformation phase is documented by a group of faults active in compression that affected the entire Dinarides. 
This stress field was characterized by reverse and strike-slip faults active in N–S oriented compression.
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Introduction

Foreland basins (Fig. 1a) commonly develop in orogenic belts 
as a result of long-lasting thrusting and progressive deforma-
tion, leading to crustal thickening and orogenic uplift. Compres
sional tectonics initiates foreland basin development and pro-
gressive migration of an orogenic fold-and-thrust belt toward 
the continental interior (Matenco et al. 2010). The resulting 
thrust sheets impose a tectonic load on the lithosphere, causing 
its flexural bending. This process leads to the formation of  
a foreland basin, which is subsequently infilled with clastic 
material eroded from the orogenic hinterland (Lyon-Caen & 
Molnar 1985; Flemings & Jordan 1990; DeCelles & Giles 
1996).

Foreland basins are typically asymmetric, extending from 
the orogenic front toward the continental interior. They reach 
their maximum depth along the orogenic margin and gradually 

become shallower away from the mountain belt. These basins 
generally comprise four principal depositional zones: the wedge-
top, foredeep, forebulge, and backbulge (DeCelles & Giles 
1996). Late-stage accretion of synorogenic deposits often 
complicates the distinction between sediments originally 
deposited in front of the orogen and those that were later 
incorporated into the orogenic system and tectonically trans-
ported by thrusting and deformation (Poblet & Lisle 2011; 
Balling et al. 2021).

As collisional processes advance, foreland basin systems 
evolve from an underfilled flysch stage to an overfilled 
molasse stage (Sinclair 1997a, b). The early flysch stage is 
characterized by limited sediment supply and pronounced sub-
sidence, resulting in deep water sedimentation concentrated 
near the orogenic front under increasingly deep-water condi-
tions (Lužar-Oberiter et al. 2023). Continued orogenic uplift 
enhances clastic supply, leading to increased depositional 
diversity within the basin (Babić & Zupanič 2008; Toljić et al. 
2018; Lužar-Oberiter et al. 2023).

The Dinaric orogen developed through long-term Neo
tethyan convergence, as a result of Late Jurassic ophiolite 
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Fig. 1. (a) Shaded hypsometric map (Scilands 2015), showing the main foreland basins on the periphery of the Dinarides and Carpathians, with 
a focus on the main foreland basins within the Dinarides (the boundaries of the main tectonic units are shown in a simplified form according 
to Schmid et al. (2020); (b) Main tectonic units of the Dinarides (Schmid et al. 2020). The location of Gacko and its surroundings is marked  
on the map.
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obduction, Cretaceous subduction and subsequent Late Creta
ceous–Paleogene collision between the Adria (lower plate) 
and Europe (upper plate). During these successive tectonic 
stages, nappes were emplaced, representing the tectonic boun
daries of the major regional units within the orogen (Stampfli 
& Borel 2002; Schmid et al. 2008, 2020; van Unen et al. 
2019). As a result, this region represents a key segment for 
understanding the closure of the Neotethys in the central 
Mediterranean.

The Bosnian Flysch represents one of the most tectono
stratigraphically complex units within the Dinaric orogen.  
It formed in a flexural foreland basin in front of the regional 
basal thrust sheet of the Eastern Bosnian-Durmitor Unit (Schmid 
et al. 2008; van Unen et al. 2019; Fig. 1b). The Vranduk 
Formation consists of Jurassic–Cretaceous turbiditic deposits, 
whereas the Ugar Formation comprises Upper Cretaceous–
Paleogene basin fills dominated by carbonate–clastic gravity 
flow deposits (Mikes et al. 2008; Hrvatović 2022).

The tectonostratigraphic evolution of this basin has only 
been partially investigated. In its southeastern part (Fig. 2), 
comprehensive constraints on the age of basin-fill sequences 
and associated tectonic structures are still lacking. In eastern 
Herzegovina, in contrast to the flysch in central Bosnia  
(Mikes et al. 2008), the sediments of the Vranduk Forma
tion are poorly constrained in terms of stratigraphy and  
spatial distribution. Their precise age, spatial extent, and rela-
tionship to the overlying Ugar Formation therefore remain 
unresolved.

This study aims to better constrain the age of the Vranduk 
and Ugar formations in eastern Herzegovina, determine  
the provenance of their sedimentary material, and establish  
the timing and tectonic mechanisms responsible for basin 
formation. Biostratigraphic data from microfossils and calca
reous nannofossils were used to temporally calibrate the tec-
tonostratigraphic evolution of the basin. From a tectonic 
perspective, the study focuses on reconstructing the kinematic 
evolution of the southeastern segment of the Dinarides, which 
is critical for understanding the broader development of the 
collisional system and its associated foreland basin. The post-
depositional tectonic evolution of the foreland basin was 
inferred from structural analysis of deformation affecting  
the basin infill and the adjacent Neogene basin.

Tectonic framework

The Alpine–Dinaric–Mediterranean system forms part of 
the broad convergent plate boundary between the Eurasian 
and African plates (Rosenbaum et al. 2002). The Dinarides, as 
a segment of the Alpine–Dinaric–Mediterranean belt, repre-
sent the southeastern branch of the Alpine orogen, which con-
tinues southward into the Hellenides (Schmid et al. 2008; 
Handy et al. 2015). The Dinaric orogen formed during the 
Jurassic–Eocene convergence between Europe and Adria-
derived units (Stampfli & Borel 2002; Schmid et al. 2008, 
2020; Demir et al. 2019; van Unen et al. 2019).

Neotethyan rifting began in the Middle Triassic and was 
accompanied by magmatism and the development of the pas-
sive margin of the Adriatic plate (Dimitrijević 1997; Pamić et 
al. 1998, 2002; Schmid et al. 2008). Subsequently, oceanic 
subduction commenced during the Middle Jurassic, triggering 
ophiolite obduction and the formation of an ophiolitic mélange 
overlying the passive margin sequences of Adria. As obduc-
tion progressed, slices of oceanic lithosphere were emplaced 
onto the Adriatic margin (Schmid et al. 2008), followed by the 
thrusting of detached continental slices from the lower plate 
(Mikes et al. 2008). Obduction of the Western Vardar ophio
lites onto the Adriatic margin began in the Late Jurassic and 
was accompanied by the deposition of the earliest syntectonic 
sediments on the flexurally deformed continental lithosphere 
in front of the advancing thrust front of the Adriatic plate 
(Mikes et al. 2008; Lužar-Oberiter et al. 2009).

Available data suggest that the siliciclastic turbiditic 
sequence of the Vranduk Formation was deposited from the 
Tithonian to the Aptian, with material sourced primarily from 
ophiolites (Mikes et al. 2008; Hrvatović 2022). The southern 
prolongation of the Vranduk Formation is represented by  
the Vermoshi flysch in Albania, which is of Barremian age 
(Marroni et al. 2009). The Vranduk Formation thus serves as  
a sedimentary marker of Late Jurassic–Early Cretaceous tec-
tonic phases related to the compression within the Neotethyan 
oceanic domain (Marroni et al. 2009). As convergence pro-
gressed, deformation and synorogenic sedimentation migrated 
southwestward. The basin contracted, and sediments of the 
Ugar Formation, containing clasts derived from the Adriatic 
Carbonate Platform, were deposited (Mikes et al. 2008).

The Late Cretaceous–Paleogene was marked by the collision 
between continental domains of Adria and Europe (Fig. 1b). 
Progressive convergence led to the formation of a nappe  
stack and development of the Sava Suture, which delineates 
the boundary between these two continental domains (Pamić 
2002; Schmid et al. 2008; Ustaszewski et al. 2010; Toljić et al. 
2018; Demir et al. 2019).

Sedimentation patterns changed significantly during this 
period. In contrast to the older Vranduk Formation, which 
contains material derived primarily from ophiolites and conti-
nental basement units, the carbonate–clastic deposits of the 
Ugar Formation were sourced mainly from the margin of  
the Adriatic Carbonate Platform (Mikes et al. 2008). The onset 
of continental collision is recorded by the deposition of  
non-platform, deep-water syn-collisional sediments during  
the Upper Santonian–Maastrichtian. The peak of collisional 
deformation is documented by the Upper Eocene clastic tur-
bidites and the Upper Eocene–Oligocene Promina conglome
rates (Mrinjek 1993; Zupanič & Babić 2011).

The post-collisional tectonic evolution of the Dinarides was 
characterized by bidirectional extension, which commonly 
reactivated pre-existing faults and led to the development of 
regional detachments (Toljić et al. 2013; Andrić et al. 2017; 
Stojadinović et al. 2017; van Unen et al. 2019). At around 20 Ma, 
this extensional regime resulted in the formation of isolated 
intramontane basins within the Dinaric orogen, collectively 
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referred as the Dinaride Lake System (Mandić et al. 2011;  
de Leeuw et al. 2010; Andrić et al. 2017).

This extensional phase was followed by renewed compres-
sion and basin inversion, which began in the Late Miocene 
and continues to the present day (Bada et al. 2007). These pro-
cesses are driven by the indentation and counterclockwise 
rotation of the Adriatic plate (e.g., Márton et al. 2003; Pinter et 
al. 2005; Weber et al. 2010; Heidbach et al. 2016). Present-day 
kinematic studies indicate that the Adriatic plate indents north-
ward, in the northwestern Dinarides, whereas in the central 
and southeastern segments it moves northeastward, consistent 
with its counterclockwise rotation (Márton et al. 2003; Pinter 
et al. 2005; Weber et al. 2010; Heidbach et al. 2016; Andrić et 
al. 2017; van Unen et al. 2019; Schmid et al. 2020).

Geological setting of eastern Herzegovina

The region of eastern Herzegovina is predominantly com-
posed of Upper Cretaceous–Paleogene sediments of the Dur
mitor Flysch (Mirković et al. 1980; Fig. 2). In tectonic and 

paleogeographic contexts, this region has been referred to by 
various names, including “Flysch bosniaque & zone prékar
stique” (Blanchet 1966), “Sarajevo Sigmoid” (Dimitrijević 
1997), “Bosnian Flysch” (Mikes et al. 2008; Hrvatović 2022), 
or as “Prekarst & Bosna Flysch” (Schmid et al. 2008, 2020).

Previous studies have shown that the intensively folded 
sedimentary sequences commonly grouped under the term 
Bosnian Flysch can be subdivided into two main formations: 
(i) the Vranduk Formation and (ii) the Ugar Formation (Olujić 
1978; Hrvatović 2022 and references therein; Ćorić & Benić 
2014; Jolović et al. 2017). Deposition of the Vranduk Forma
tion began during the Early Jurassic and became progressively 
younger toward the more external zones of the Dinarides 
during the Early Cretaceous (Schmid et al. 2008 Schmid et al. 
2008).

French geologists have considered these two formations to 
represent a single depositional unit, resulting from continuous 
sedimentation spanning from the Late Jurassic to the Late 
Cretaceous (Rampnoux 1969; Aubouin et al. 1970; Blanchet 
et al. 1970). Recent stratigraphic studies indicate a Tithonian–
Berriasian age for the lower part of the Vranduk Formation 

Fig. 2. Simplified geological map of the study area illustrating the distribution of the main formations. The reinterpretation is based on  
the 1:100,000-scale Geological Map of Yugoslavia (Mirković et al. 1980). The map displays the locations of measured geological sections and 
outcrops where samples for biostratigraphic analysis were collected.
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(Mikes et al. 2008; Hrvatović 2022). In northern and central 
Bosnia, the Vranduk Formation shows a continuous strati
graphic succession ranging from the Berriasian to the Ceno
manian (Cadet & Sigal 1969; Rampnoux 1969; Blanchet et 
al.1970; Charvet 1978). Overlying these is a carbonate–marly 
series assigned to the Ugar Formation (Hrvatović 2022 and 
references therein).

According to published geological maps and previously 
available biostratigraphic data (Mikes et al. 2008), the Ugar 
Formation has been reported as Late Albian–Maastrichtian in 
age. It has also been suggested to extend into the Paleogene, 
although this has not been clearly delineated on official geo-
logical maps (Mikes et al. 2008; Jolović et al. 2017; Hrvatović 
2022).

The Vranduk and Ugar formations are separated by an angu-
lar unconformity, with the Vranduk Formation erosionally 
truncated at the top. This truncation is interpreted as the result 
of Early Cretaceous thrusting of the East Bosnian–Durmitor 
Unit toward the southwest (Dimitrijević 1997; Csontos et al. 
2003; Hrvatović 2022).

Materials and methods

During the field investigations in eastern Herzegovina (EH), 
data on lithostratigraphic properties of sedimentary units were 
collected, and the petrographic and thin-section analyses were 
conducted on sediments from the Vranduk and Ugar forma-
tions. During the fieldwork and logging of local geological 
columns, sedimentary packages were distinguished, and 
representative samples were collected to better characterize 
the lithology. A total of fifty samples were collected for 
micropaleontological analysis. The micropaleontological study 
included identification of benthic and planktonic foraminifera, 
calcareous algae, calcisphaerulids, and crustacean remains, 
and analysis of calcareous nannofossils to constrain the age of 
the formations more precisely.

Smear slides for calcareous nannofossils analysis were pre-
pared following the standard preparation technique described 
by Perch-Nielsen (1985). Sample preparation adhered to stan
dardized procedures, and the samples were examined under 
both parallel and crossed nicols at 1000× magnification. In 
addition, petrographic thin sections were prepared by cutting 
and mounting rock billets on glass slides, grinding them to  
a standard thickness of 30 µm, and covering with a glass slip. 
These sections were examined under transmitted, plane-pola
rized light using a ZEISS Axio Imager 2 Pol microscope  
(Carl Zeiss AG, Baden-Württemberg, Germany).

Field analysis of tectonic structures and kinematic studies  
of faults were carried out to identify the main fault zones, 
determine their spatial distribution, and characterize their 
kinematic behaviour. Based on the collected kinematic data,  
a phased interpretation of the deformation history and a recon-
struction of the paleostress field in which the observed struc-
tures formed were performed. The effects of deformation in 
the brittle domain were analysed, including fault dip angles, 

striations, Riedel’s shears, and other parameters relevant to 
fault kinematics and the determination of deformation super-
position. Special attention was given to recording bedding 
orientation and folds.

The kinematic data were analysed using the software 
TectonicsFP (Ortner et al. 2002) to perform quantitative paleo
stress analysis. Numerical and graphical inversion methods 
were applied following the approach of Angelier 1979. These 
methods are based on the calculation of the P, B, and T axes, 
where the P-axis corresponds to the maximum principal stress 
(σ1), B-axis to intermediate principal stress axis (σ2), and  
the T-axis to the minimum principal stress (σ3). Paleostress 
modelling was performed assuming a constant angular devia-
tion of 30° between the slip lineation and the P-axis (Angelier 
1979).

Results

Vranduk Formation

The Vranduk Formation is tectonically wedged between 
Triassic sediments of the East Bosnian–Durmitor Unit to the 
northeast and the Cretaceous–Paleogene deposits of the Ugar 
Formation to the southwest (Fig. 2).

In eastern Herzegovina, the Vranduk Formation crops out 
north of Čemerno and near Grab (Fig. 2), where it is repre-
sented by a sandy–marly succession composed of three litho-
logical packages (Fig. 3) with distinct structural and textural 
features. Here, the formation is predominantly composed of 
microconglomerates, thin-bedded marls, coarse- and fine-
grained clastics, as well as alternating carbonate–sandy sedi-
ments (for details, see Supplementary Fig. S1a, b for details), 
with subordinate chert intercalations. The sandstones and cal-
carenites commonly exhibit normal grading (Supplementary 
Fig. S1c, d) and intervals of horizontal lamination, represen
ting parts of Bouma sequences. Also, intraformational brec-
cias are locally abundant.

A petrological analysis indicates that the Vranduk Formation 
comprises litharenites, sublitharenites, calcareous litharenites 
to sandy calcarenites, and poorly sorted polymictic breccias. 
The main detrital components include quartz, feldspar, and 
lithic fragments. Quartz grains exhibit variable degrees of 
roundness, ranging from angular to well-rounded (Fig. 4a).

In addition to quartz and feldspar, lithic fragments of mafic 
rocks (Fig. 4b) and serpentinized rocks (Fig. 4c) represent  
a significant volume of the sandstone clasts. The rock frag-
ments also include hydrothermally altered volcanic rocks and 
fragments of volcanic glass. Carbonate lithoclasts containing 
fossil detritus (Fig. 4d) are sporadic, whereas calcite grains with 
distinctive twinning (Fig. 4e) and chert fragments (Fig. 4f)  
are rare.

The lowest unit, Package A, is characterized by a thick 
sequence of breccias, sandstones, marls, and interbedded  
layered sandstones and calcarenites, with subordinate lime-
stones. Chert occurs as discrete intercalations. Biostratigraphic 

https://geologicacarpathica.com/data/files/supplements/GC-77-1-Bjelogrlic_FigS1.jpg
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analysis of the fossil microfauna from clastic rocks in the lower 
part of the studied Vranduk Formation (Fig. 3; Sample No. 
P2-P) revealed the following assemblage: Colomisphaera sp. 
(Fig. 4h), Istriloculina eliptica (Iovcheva), Protopeneroplis 
sp., ?Ammobaculites sp. (Fig. 4w) and Glomospira sp. (Fig. 4y). 
This assemblage suggests an uppermost ?Hauterivian to 
Barremian age. From slightly sandy, horizontally laminated 
hemipelagic limestones of the same succession (Fig. 3; Sample 
No. P7-L), small, thick-walled specimens of Hedbergella sp., 
Globigerinelloides sp., Lenticulina sp., Pithonella sp., and 
other Calcisphaerulidae (Fig. 4x1) were identified. This assem-
blage indicates Barremian to Lower Aptian age.

Package B of the Vranduk Formation is predominantly com-
posed of coarse-grained calcarenites, lithic sandstones, marls, 
sandstones, and alternating beds of calcarenites. This unit is 
characterized by normal and inverse grading in coarse- to 
medium-grained sandstone intervals, as well as by horizontal 
lamination in finer-grained layers. Carbonate-rich, coarse-
grained litharenites from the middle stratigraphic levels of  
the package B (Fig. 3; Sample No. P14-1) contain calcareous 
lithoclasts with scleractinian corals (“Madrepora” sp.), Orbi
tolinidae, Quinqueloculina robusta (Neagu), Moesiloculina sp., 
Nautiloculina sp., and Pfenderiinae. This assemblage indi-
cates Barremian to earliest Aptian age. 

Fig. 4. Optical microscopic characteristics of representative rock samples from the Vranduk Formation (a–f) and characteristic microfossil 
association of the Vranduk Formation (g–y1): (a) Well-sorted litharenites with quartz grains exhibiting varying degrees of roundness;  
(b) The ophitic texture of the diabase is formed by elongated and intercrossed plagioclase crystals; (c) Fragments of serpentinite with a mesh-
like structure in polymictic breccia; (d) Orbitolinids bioclasts in polymict breccia; (e) Calcite with characteristic lamellar twinning;  
(f) Fragments of chert in limestone litharenites, mv – mafic volcanic lithoclast; s – serpentinite lithoclast; ch – chert; Q – quartz; pQ – poly-
crystalline quartz; (g) Clast with radiolarians; (h) Colomisphaera sp.; (i) Protopeneroplis ultragranulata (Gorbachik); (j) Pseudocyclammina 
cf. lituus (Yokohama); (k) Halplophragmoides joukowsky Charollais, Brönnimann & Zaninetti; (l) Novalesia distorta Arnaud-Vanneau;  
(m) Redmondoides lugeoni (Septofontaine; (n, o) Quinqueloculina robusta (Neagu); (p) Textularia sp.; (r) Salpingoporella aff. hasi Conrad, 
Radoičić & Rey and Palorbitolina lenticularis Blumenbach; (s) Baccinella irregularis Radoičić; (t) Large fragment of Requieniidae;  
(u)“Madrepora” sp.; (v) Carpathocancer sp.; (w) Ammobaculites sp.; (x) ?Orbitolina sp.; (y) Glomospira sp.; (z) Nodosariidae; (x1) Calci
sphaerulidae; (y1) Microfacies of limestone clasts in the breccia of the Vranduk Formation. 

Fig. 3. Local geological section of 
the Vranduk Formation in eastern 
Herzegovina, north of Gacko. See 
Fig. 2 for location.
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In the medium-grained calcareous litharenite from the same 
package (Fig. 3; Sample No. P14-2), the following taxa were 
identified: Nautiloculina bronnimanni Arnaud-Vanneau & 
Peybernès, Vercorsella arenata Arnaud-Vanneau, Tritaxia cf. 
pyramidata Reuss, Haplophragmoides sp., Ammobaculites sp., 
Siphopfenderina sp., Palorbitolina sp., Carpathocancer sp. 
(Fig. 4v), and representatives of Nodosariidae (Fig. 4z). This 
assemblage is also dated to Upper Barremian–Lower Aptian.

The package C consists of limestone breccias, sandstones 
with radiolarian clasts (Fig. 4g), and marls. The breccias  
(Fig. 3; Sample No. P14-B) contain the following microfossils 
assemblage: Palorbitolina lenticularis Blumenbach, Salpingo­
porella aff. hasi Conrad, Radoičić & Rey (Fig. 4r), ?Orbitolina 
sp. (Fig. 4x), Trochamminoides sp., Pseudolituonella sp., and 
Salpingoporella sp., accompanied by macrofossil fragments 
of Requieniidae (Fig. 4t), and “Madrepora” sp. (Fig. 4u),  
indicating an Uppermost Barremian–Lower Aptian age.  
The upper-level sublitharenites (Fig. 3; Sample No. P16-L) 
contain rare specimens of Hedbergella sp. Carbonate breccias 
from the upper part of Package C (Fig. 3; Sample No. P17-B) 
include clasts derived from various stratigraphic levels  
(Fig. 4y1): Quinqueloculina robusta (Neagu) (Fig. 4n, o), Are­
nobulimina sp., Istriloculina sp., Pseudocylamina cf. lituus 
(Yokohama) (Fig. 4j), Haplophragmoides cf. jaukowskyi 
Charrolais (Fig. 4k), Novalesia distorta Arnaud-Vanneau  
(Fig. 4l), Sabaudia minuta (Hofker), (Fig. 4p), Protopeneroplis 
striata Weynschenk (Fig. 4i), Istriloculina cf. eliptica 
(Iovcheva) (see Supplementary Table S1 for accompanying 
taxa). Parts of the thin section are occupied by microbial 
Bacinella structure (Fig. 4s), indicating environmental chan
ges related to locally developed anoxic conditions within  
the basin (Conrad & Clavel 2008). The clasts are dated to 
?uppermost Hauterivian–Barremian. However, the breccia 
itself may be either coeval or of Aptian age.

Calcareous nannofossil analysis was performed on samples 
collected from outcrops north of Čemerno (Fig. 2; Sample  
No. 39). The identified taxa include Watznaueria biporta 
Bukry, 1969 (Fig. 5-4), Braarudosphaera africana Stradner, 
1961 (Fig. 5-25), and Braarudosphaera hockwoldensis  
Black, 1973 (Fig. 5-30), which collectively indicate an Albian 
age.

Ugar Formation

The Ugar Formation in eastern Herzegovina extends north
ward from Gacko towards Čemerno (Fig. 2). Tectonically, it is 
situated between the limestones of the High Karst Zone to the 
southwest and the clastic deposits of the Vranduk Formation to 
the northeast (Fig. 2). In the investigated area, three members 
can be distinguished within the Ugar Formation: (1) basal 
limestone breccias and conglomerates, (2) Upper Cretaceous 
carbonate–clastic sediments, and (3) Paleocene carbonate–
siliciclastic sediments.

Basal Upper Cretaceous limestone breccias and conglo­
merates

Sedimentation of the Upper Cretaceous succession begins 
with a series of basal limestone breccias and conglomerates of 
variable thickness (Supplementary Fig. S1e). The breccias and 
conglomerates are composed of angular to poorly rounded 
clasts cemented by carbonate. Graded bedding and turbidite 
flow structure are absent, indicating that this succession lacks 
turbiditic characteristics. Depending on the type of allochems 
and the binding material, limestone fragments within breccias 
and conglomerates are clasified as biomicrudites, biosparites, 
biomicrites, and micrites.

Planktonic foraminifera from the studied basal limestone 
breccias and conglomerates were identified in biomicrites 
(Fig. 2; Sample No. 3BX2-1 and 3BX2-2) and include Margi­
notruncana coronata (Bolli), Dicarinella cf. canaliculata 
(Reuss), Dicarinella concavata (Brotzen) (Fig. 6b), Whiteinella 
cf. paradubia (Sigal), Marginotruncana pseudolinneiana 
Pessagno (Fig. 6c), Marginotruncana cf. marginata (Reuss),  
Pithonella sphaerica (Kaufmann), Planoheterohelix reussi 
(Cushman), along with Cuneolina sp. and other benthic fora-
minifers. This assemblage indicates a possible age range from 
the latest Turonian–Coniacian to Early Santonian. In biomi-
crites from Sample No. 3B/2, the following foraminifers  
were identified: Dicarinella concavata (Brotzen), Whiteinella 
archaeocretacea Pessagno (Fig. 6a), Pithonella sphaerica 
(Kaufmann) (Fig. 6d). This fossil association suggests an age 
from the Coniacian to the earliest Santonian.

Fig. 5. Nannoplancton identified in samples taken northern from Gacko: 1. Watznaueria leesiae Young 2023; 2. Watznaueria britannica 
(Stradner 1963); 3. Watznaueria fossacincta (Black 1971); 4. Watznaueria biporta Bukry, 1969; 5. Watznaueria barnesiae (Black in Black & 
Barnes, 1959) Perch-Nielsen 1968; 6. Semihololithus priscus Perch-Nielsen 1973; 7. Chiasmolithus danicus (Brotzen 1959) Hay & Mohler 
1967; 8. Chiasmolithus danicus (Brotzen 1959) Hay & Mohler 1967; 9. Toweius sp.; 10. Coccolithus pelagicus (Wallich 1877), Schiller 1930; 
11. Prinsius martinii (Perch-Nielsen 1969) Haq 1971; 12. Sphenolithus moriformis (Brönnimann & Stradner 1960), Bramlette & Wilcoxon 
1967; 13. Sphenolithus cf. moriformis (Brönnimann & Stradner 1960), Bramlette & Wilcoxon 1967; 14. Ericsonia media Bown 2016;  
15. Ericsonia subpertusa Hay & Mohler 1967; 16. Prinsius bisulcus (Stradner 1963) Hay & Mohler 1967; 17. Cruciplacolithus tenuis  
(Stradner 1961) Hay & Mohler, Hay et al. 1967; 18. Cruciplacolithus asymmetricus van Heck & Prins 1987; 19. Calcareous dinoflagellate; 
20a. Micula staurophora (Gardet 1955) Stradner 1963; 20b. Cyclagelosphaera reinhardtii (Perch-Nielsen 1968) Romein 1977;  
21. Ellipsolithusdistichus (Bramlette & Sullivan 1961), Sullivan 1964; 22. Lithoptychius sp.; 23. Fasciculithus billii Perch-Neielsen 1971;  
24. Uniplanrius gothicus (Deflandre 1959), Hattner & Wise, in Wind & Wise 1983; 25. Braarudosphaera africana Stradner 1961;  
26. Braarudosphera bigelowii (Gran & Braarud 1935), Deflandre 1947; 27. Fasciculithus involutus Bramlette & Sullivan 1961;  
28. Neochiastozygus cf. concinnus (Martini 1961); 29. Tectulithus pileatus (Bukry 1973), Miniati et al. 2021; 30. Braarudosphaera hock­
woldensis Black 1973; 31. Microrhabdulus decoratus Deflandre 1959; 32. Arkhangelskiella cymbiformis Vekshina 1959; 33. Eiffellithus 
eximius (Stover 1966), Perch-Nielsen 1968; 34. Placozygus fibuliformis (Reinhardt 1964) Hoffmann 1970; 35. Lucianorhabdus sp.
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Upper Cretaceous carbonate–clastic sediments

Upper Cretaceous carbonate–clastic succession comprises 
limestones, marly limestones, marls with interbeds of calc
arenites, and siliceous mudstones (Fig. 7). These sediments 

transgressively overlie the basal breccias and conglomerates. 
A characteristic feature of the Upper Cretaceous carbonate–
clastic series is the presence of packages of intraformational 
limestone breccias (Supplementary Fig. S1f). Limestones 
display intervals of normal grading (Supplementary Fig. S1g), 

Fig. 6. Upper Cretaceous microfossil association of the Ugar Formation, north of Gacko: (a) Whiteinella archaeocretacea Pessagno;  
(b) Dicarinella concavata (Brotzen); (c) Marginotruncana pseudolinneiana Pessagno; (d) Pithonella sphaerica (Kaufmann); (e) Margino­
truncana schneegansi (Sigal); (f) Margintoruncana cf. tarfayaensis (Lehmann); (g) Globotruncanita stuartiformis (Dalbiez); (h) Contuso­
truncana fornicata Plummer; (i) Globotruncana arca (Cushman); (j) Planoglobulina acervulinoides (Egger); (k) Bonetocardiella conoidea 
(Bonet); (l) Planoheterohelix globulosa (Ehrenberg); (m) Decastronema kotori (Radoičić); (n) Moncharmontia apenninica (De Castro);  
(o) Vidalina hispanica Schlumberger; (p) Cibicidoides sp.; (r) Orbitoides media (d’Archiac); (s) Orbitoides cf. media (d’Archiac); (t) Orbi­
toides apiculata Schlumberger and Lepidorbites socialis (Leymerie); (u) Orbitoides apiculata Schlumberger with Siderolites calcitrapoides; 
(v) Siderolites calcitrapoides Lamarck & Coraliinaceae; (w) Lepidorbitoides cf. socialis (Leymerie); (x) Hellenocyclina beotica Reichel;  
(y) Siderolites calcitrapoides Lamarck; (z) Fleuriana adriatica De Castro, Drobne & Gušić; (x1) Planorbulina? cretae (Marsson);  
(y1, z1) Valvulina triangluaris (d'Orbigny).

Fig. 7. Local geological section of Upper Cretaceous carbonate deposits north of Gacko. See Fig. 2 for location.
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most commonly starting with a lower interval of horizontal 
lamination (Tb), followed by convolute lamination (Tc), and 
ending with an upper interval of horizontal lamination (Td, 
Supplementary Fig. S1h).

Petrographic analysis indicates that the studied carbonates 
consist of biomicrudites, biosparites, micrites, biomicrites, 
biopelmicrites, and biointramicrites. Allochthonous compo-
nents are predominantly of biogenic origin. 

Biostratigraphic analyses were conducted at several spa-
tially separate localities and across superpositionally different 
levels of the studied limestone succession. The observed sec-
tions exhibits an rhythmic alternation of breccias and calca-
renites, often associated with finer-grained marly layers.

Package A consists mainly of breccias, calcarenites, and 
marls. In different clasts of breccias (Fig. 7; Sample No. 9-B), 
the following foraminifera were identified: Orbitoides media 
(d’Archiac) (Fig. 6r), Omphalocyclus macroporus (Lamarck), 
Siderolites calcitrapoides Lamarck, Fleuryana sp.; Pseudo­
cyclammina sphaeroidea Gendrot, Vidalina hispanica Schlum
berger; Marginotruncana schneegansi (Sigal) (Fig. 6e), 
Marginotruncana cf. tarfayaensis (Lehmann) (Fig. 6f), 
Globotruncanita stuartiformis (Dalbiez), accompanied with 
Rotorbinela sp.; Neodubrovnikella sp., Cornuspira sp., etc. 
(see Supplementary Table S2 for accompanying taxa).  
The oldest clast in this breccia is of possible Cenomanian age, 
while the youngest clasts correspond to the Maastrichtian. 
Therefore, the breccia itself is interpreted to be of late 
Maastrichtian age.

Package B, consisting of breccias and calcarenites, contains 
intrabasinally redeposited fragments of Upper Cretaceous  
and Maastrichtian microfauna within shelf limestone clasts 
(Fig. 7; Sample No. 9-K): Vidalina hispanica Schlumberger 
(Fig. 6o), Pararotalia minimalis Hofker, Marginotruncana 
sp., Siderolites calcitrapoides Lamarck, Valvulina triangularis 
d’Orbigny, Rhapydionina sp. Within the hemipelagic sedi-
ment part (Fig. 7; Sample No. 9K), the following planktonic 
foraminifera were observed: Globotruncanita stuartiformis 
(Dalbiez), Contusotruncana cf. fornicata (Plummer), Plano­
heterohelix globulosa (Ehrenberg), Dicarinella sp., Reusella 
cf. szajnochae (Grzibowski).

In package C, which is mainly composed of breccias and 
calcarenites, no fossil fauna was identified. Package D, 
consisting of breccias, calcarenites, and marls, yielded calc
areous nannofossils indicating Maastrichtian age. Identified 
taxa include Watznaueria leesiae Young, 2023 (Fig. 5-1), 
Watznaueria britannica (Stradner, 1963), Reinhardt, 1964 
(Fig. 5-2), Watznaueria fossacincta (Black 1971), Bown in 
Bown & Cooper, 1989 (Fig. 5-3), Watznaueria barnesiae 
(Black in Black & Barnes 1959), Perch-Nielsen, 1968  
(Fig. 5-6), Semihololithus priscus Perch-Nielsen 1973  
(Fig. 5-7), Micula staurophora (Gardet, 1955), Stradner, 1963 
(Fig. 5-20a), Cyclagelosphaera reinhardtii (Perch-Nielsen, 
1968) Romein, 1977 (Fig. 5-20b), Uniplanarius gothicus 
(Deflandre, 1959), Hattner & Wise, in Wind & Wise 1983 
(Fig. 5-24), Microrhabdulus decoratus Deflandre, 1959  
(Fig. 5-31), Arkhangelskiella cymbiformis Vekshina, 1959 

(Fig. 5-32), Eiffellithus eximius (Stover, 1966), Perch-Nielsen, 
1968 (Fig. 5-33), Placozygus fibuliformis (Reinhardt, 1964), 
Hoffmann 1970 (Fig. 5-34).

In package E, composed of breccias, calcarenites, and marls, 
also yielded calcareous nannofossils indicating Maastrichtian 
age.

Upper Cretaceous carbonate–clastic turbidites were also 
identified along the Gacko–Čemerno road. Biostratigraphic 
data indicate that these turbidites belong to the Maastrichtian 
sequence and have been displaced along an internal thrust, 
having been exhumed from the deeper part of the flysch suc-
cession (Fig. 2; locations marked as 52, 54, and 55).

In sandy-calcareous turbiditic sediments west of the Muš
nica River (Fig. 2; Sample No. 52), transported benthic and 
planktonic organisms include Moncharmontia apenninica  
(De Castro) (Fig. 6n), Globotruncanita sp., Contusotruncana 
sp., Pararotalia cf. tuberculifera Reuss. These microfossils 
indicate an Upper Santonian–Campanian age for this 
assemblage.

In biomicrites from the Mušnica River area (Fig. 2; Sample 
No. 54), characteristic planktonic foraminifera comprise Globo­
truncanita stuartiformis (Dalbiez) (Fig. 6g), Globotruncana 
arca (Cushman) (Fig. 6i), Planoheterohelix globulosa 
(Ehrenberg) (Fig. 6l), Contusotruncana fornicata (Plummer), 
Radotruncana cf. subspinosa (Pessagno), Planoglobulina 
acervulinoides (Egger) (Fig. 6j) and Cibicidoides succedens 
(Brotzen) (Fig. 6p), indicating Upper Campanian–Maastrich
tian age.

North of the Mušnica River in biointramicrites (Fig. 2; 
Sample No. 55), planktonic and benthic foraminifera of Cam
panian age were identified, including Globotruncana arca 
(Cushman), Globotruncana linneiana (d’Orbigny), Rugoglo­
bigerina rugosa (Plummer), Planoglobulina acervulinoides 
(Egger), Minouxia cf. lobata Gendrot.

Paleocene carbonate–siliciclastic sediments

The widest NW–SE-trending unit in the Gacko area is part 
of a heterogeneous carbonate–siliciclastic Paleocene series, 
composed of limestone breccias, sandy limestones, marly 
limestones, calcarenites, and marls (Fig. 2). Intervals with 
convolute bedding and parallel lamination, characteristic of 
Bouma sequence structures, are well developed (Supplemen
tary Fig. S2a, b). The sandstones occur in relatively thin layers, 
and the turbidites themselves are of carbonate–siliciclastic 
composition (Supplementary Fig. S2c). Sole marks, such as 
groove casts, are preserved on the lower bedding surfaces 
(Supplementary Fig. S2d), while current marks (Supplemen
tary Fig. S2e) and flute casts (Supplementary Fig. S2f) are 
present on the upper bedding surfaces.

The petrographic characteristics of the Paleocene limestone 
breccias, sandy limestones, marly limestones, calcarenites, 
and marls correspond to carbonate microfacies including 
biomicrites, biointramicrudites, biomicrosparites, biosparites, 
and biointrasparrudites. The allochems of these rocks are 
mostly bioclasts, skeletal remains of organisms, or intraclasts, 
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Fig. 8. Geological sections of the carbonate–clastic Paleogene succession of the Ugar Formation: (a) Kljeuta–Vrba profile; (b) Miholjače–
Klinje (I) profile; (c) Klinje–Miholjače (II) profile.
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whereas the orthochem consists of micrite or microsparite. 
The intraclasts are complex in type and may include fragments 
of consolidated biomicritic limestones. Some bioclasts display 
rounding and are surrounded by thick micritic coatings (cor-
toids). Sandy and silt-sized fractions are commonly present in 
the rock matrix, indicating deposition under moderate- to 
high-energy, open marine conditions. The sandy component 
comprises quartz, plagioclase, and muscovite.

The Paleocene deposits were examined in several profiles: 
Kljeuta–Vrba (Fig. 2; location 3), Miholjače–Klinje I (Fig. 2; 
location 4), Miholjače–Klinje II (Fig. 2; location 5), Kravarevo 
and Višnjevo (Fig. 2; location marked as 6), and Bahori–
Gornja Bodežišta (Fig. 2; location 7).

At the Kljeuta–Vrba profile, the lower levels of the car-
bonate–clastic series are represented by marly–carbonate 
sediments. Nannoplankton species identified at this location 
(Fig. 8; location 3, Sample No. 35-L) include Cruciplacolithus 
asymmetricus (van Heck & Prins 1987) (Fig. 5-18), which 
indicates a Danian age for the sandy–carbonate sediments  
(Fig. 8; Sample No. 35-L). The middle levels of the studied 
sandy–limestone series (Fig. 8, location 3; Sample No. 35-NN) 
contain Globanomalina cf. compressa (Plummer), Morozovella 
sp., Parasubbotina sp., and other globigerinoid foraminifers. 
This fossil assemblage suggests a middle–late Danian age 
(Fig. 8; Sample No. 35-NN). The upper levels of the Paleocene 
series are carbonate-rich, represented by biomicrosparites 
(Fig. 8; location 3, Sample No. 35-VN) containing numerous 
benthic foraminifera and less frequent planktonic foramini
fera, including Cibicidoies succedens (Brotzen), Stomatorbina 
binkhorsti (Reuss), Valvulina triangularis d’Orbigny (Fig. 6z1), 
Valvulineria bacetai Serra-Kieol, Vicedo, Baceta, Bernaola & 
Robador (Fig. 9w, x, y), Morozovella cf. angulata (White), and 
Planorbulinella sp. indicating a probable late Danian age 
(Sample No. 35-VN).

At the Miholjače–Klinje (I) profile, two packages have been 
distinguished. Package A consists of fossil-rich limestones, 
cyclically interbedded marls, and calcarenites. In the fine-
grained marls (Fig. 8; location 4, Sample No. 68-L), calcare-
ous nannoplankton identified include Chiasmolithus danicus 
(Brotzen, 1959), Hay & Mohler 1967 (Fig. 5-8), Sphenolithus 
moriformis (Brönnimann & Stradner 1960), Bramlette & 
Wilcoxon,1967 (Fig. 5-12), Ericsonia media Bown, 2016 
(Fig. 5-14), Cruciplacolithus tenuis (Stradner, 1961), Hay & 
Mohler in Hay et al., 1967 (Fig. 5-17), calcareous dinofla
gellates (Fig. 5-19). This nannofossil assemblage indicates  
a Selandian age.

In the biomicrites, planktonic foraminifera were identified 
(Fig. 8; location 4, Samples No. 68/1, 68/2, and 68/3): 
Globanomalina compressa (Plummer) (Fig. 9b), Globano­
malina ehrenbergi (Bolli) (Fig. 9c), Globanomalina pseudo­
menardii (Bolli) (Fig. 9d), Subbotina cf. triloculinoides 
(Plummer), Morozovella angulata (White), Morozovella cf. 
aequa (Fig. 9l), Igorina cf. albeari (Cushman & Bermudez), 
“Rotalina” cayeuxi (De Lapparent). Weakly arenaceous bio
micrites of these levels contain Morozovella sp. and ?Subbotina 
sp. foraminifers. This fossil assemblage suggests an latest 

Danian? to early Selandian age. In the massive calcarenites of 
the studied succession (Fig. 8; location 4, Sample No. 68/7), 
rare Subbotina sp., Parasubbotina sp. were identified, indica
ting a late Danian to earliest Selandian age.

Package B is composed of intraformational limestone brec-
cias and massive calcarenites. In the calcarenites (Fig. 8; loca-
tion 4, Sample No. 68/8), Morozovella cf. acuta (Toulmin), 
and other truncorotaliids were identified.

At the Miholjače–Klinje (II) profile, two packages can also 
be distinguished. Package A is predominantly composed of 
breccias, biocalcarenites, limestones, and marls. The medium- 
to coarse-grained biocalcarenites (Fig. 8; location 5, Sample 
No. 69/1) contain reworked Maastrichtian microfauna: Helle­
nocyclina beotica Reichel (Fig. 6x), Siderolites calcitrapoides 
Lamarck, Omphalocyclus macroporus (Lamarck), Nummo­
fallotia cretacea (Schlumberger), Corallinaceae (Fig. 9z1), as 
well as Paleocene Planorbulina? antiqua Manguin (Fig. 9p), 
Stomatorbina binkhorsti (Reuss) (Fig. 9r, s), Idalina sinjarica 
Grimsdale (Fig. 10z), Idalina sp. (Fig. 9x1). Foraminifera of 
Danian age were identified in biocalcarenites (Fig. 8; loca
tion 5, Sample No. 69/2): Parasubbotina pseudobulloides 
(Plummer), Planorbulinella cf. dordoniensis Hoffker, Sistani­
tes sp. In the biomicrites (Fig. 8; location 5, Sample No. 69/2 
and Sample No 69/3), the assemblage comprising Globano­
malina cf. ehrenbergi (Bolli), Subbotina sp., Morozovella  
cf. praeangulata (Blow) indicates a late Danian to earliest 
Selandian age (for accompanying taxa, see Supplementary 
Table S2). Package B consists of breccias, massive calcare
nites, and marls lacking diagnostic fossil fauna.

At the Kravarevo–Višnjevo profile, in the lower part of  
the studied succession (Fig. 10; location 6, Sample No. 62/1), 
the following species were identified in biomicrites: Morozo­
vella angulata (White) (Fig. 9i), Morozovella cf. velascoensis 
(Cushman), Morozovella occlusa (Loeblich & Tappan)  
(Fig. 9j), Globanomalina pseudomenardii (Bolli), Globano­
malina cf. champani (Parr) (Fig. 9e), and Subbotina cf. trilo­
culinoides (Plummer). In biomicrites (Fig. 10, location 6, 
Sample No. 62/2), the following species were determined: 
Morozovella aequa (Cushman & Renz) (Fig. 9k), Morozovella 
ex gr. velascoensis (Cushman), Morozovella angulata (White), 
Morozovella cf. pasionensis (Bermudez), and other planktonic 
foraminifera (Fig. 9m). This fossil assemblage indicates an 
upper Selandian to lower Thanetian age.

The middle level of the studied clastic–carbonate succes-
sion (Fig. 10, location 6, Sample No. 62/4) contains the fol-
lowing assemblage: Morozovella aequa (Cushman & Renz), 
Morozovella cf. pasionensis (Bermudez), Subbotina trilocu­
linoides (Plummer) (Fig. 9f, g, h),  Valvulina triangularis  
d’Orbigny (Fig. 6y1), and Stomatorbina sp. (Fig. 9t). This 
assemblage suggests a Selandian–Thanetian age. The upper 
levels of the studied succession (Fig. 10; location 6, Sample 
No. 62/5) contain reworked Cretaceous foraminifera, inclu
ding Pararotalia cf. minimalis Hofker, Sulcoperculina sp., 
Rotorbinella lepina Consorti, Frijia & Caus, cyanobacte
rium Decastronema kotori (Radoičić), rare Cymopolia sp., 
Dasycladaceae.
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In the breccias of the lower part of the succession at the 
Bahori–Gornja Bodežišta profile (Fig. 10; location 7, Sample 
No. 57/1), a reworked Maastrichtian microfaunal assemblage 
was identified, including Orbitoides media (d’Archiac), Orbi­
toides cf. apiculata Schlumberger (Fig. 6u), Siderolites calci­
trapoides Lamarck (Fig. 6v, y), Lepidorbitoides cf. socialis 

(Leymerie) (Fig. 6w), together with rare Paleocene foramini
fera such as Sistanites iranicus Rahaghi (Fig. 9u). In biomic-
rites (Fig. 10; location 7, Sample No. 57/2), rare Morozovella 
angulata (White), Morozovella cf. aequa (Cushman & Renz), 
and ?Acarinina sp. were identified. This assemblage indicates 
a Selandian–Thanetian age.

Fig. 9. Characteristic Paleogene microfossil association of the Ugar Formation: (a) Globanomalina cf. archeocompressa (Blow); (b) Globa­
nomalina compressa (Plummer); (c) Globanomalina ehrenbergi (Bolli); (d) Globanomalina pseudomenardii (Bolli); (e) Globanomalina cf. 
chapmani (Parr); (f–h) Subbotina triloculinoides (Plummer); (i) Morozovella angulata (White); (j) Morozovella occlusa (Loeblich & Tappan); 
(k) Morozovella aequa (Cushman & Renz); (l) Morozovella cf. aequa (Cushman & Renz); (m) Planktonic foraminifera; (n–p) Planorbulina? 
antiqua Mangin; (r, s) Stomatorbina? binkhorsti Reuss; (t) Stomatorbina sp.; (u) Sistanites iranicus Rahaghi; (v) Valvulineria paralensis 
Cushman; (w–y) Valvulineria bacetai Serra-Kiel & Vicedo; (z) Idalina sinjarica Grimsdale; (x1) Idalina sp.; (y1) Coskinon rajkae (Hottinger 
& Drobne); (z1) Corallinaceae; (x2) Dendrophyllia sp.
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Carbonate–siliciclastic Paleocene sediments were also stu
died along local road sections near Desivoje Lake, the village 
of Dražljevo, Kljeuta, and Gornja Bodežišta. At the Desivoje 
Lake locality (Fig. 2; location 19, Sample No. 19), planktonic 
fossils and various benthic bioclasts (foraminifers, bryozoans, 
echinoderms) were identified. The assemblage includes Globa­
nomalina cf. archeocompressa (Plummer) (Fig. 9a), Planorbu­
lina? cretae (Marsson) (Fig. 6x1), Valvulineria patalaensis 
Haque (Fig. 9v) (see Supplementary Table S2) of Danian–
early Selandian (?) age.

Calcareous nannofossils were also identified, including 
Chiasmolithus danicus (Brotzen 1959), Hay & Mohler 1967 
(Fig. 5-7), Toweius sp. (Fig. 5-9), Coccolithus pelagicus 

(Wallich 1877), Schiller 1930 (Fig. 5-10), Prinsius martini 
(Perch-Nielsen 1969), Haq 1971 (Fig. 5-11), Sphenolithus cf. 
moriformis (Brönnimann & Stradner 1960), Bramlette & 
Wilcoxon 1967 (Fig. 5-13), Ericsonia subpertusa Hay & 
Mohler 1967 (Fig. 5-15), Prinsius bisulcus (Stradner 1963), 
Hay & Mohler 1967 (Fig. 5-16), Ellipsolithus distichus 
(Bramlette & Sullivan 1961), Sullivan 1964 (Fig. 5-21), 
Lithoptychius sp. (Fig. 5-22), Fasciculithus billii Perch-
Nielsen 1971 (Fig. 5-23), Fasciculithus involutus Bramlette & 
Sullivan 1961 (Fig. 5-27), Neochiastozygus cf. concinnus 
(Martini 1961), Perch-Nielsen 1971 (Fig. 5-28), Tectulithus 
pileatus (Bukry 1973), Miniati et al. 2021 (Fig. 5-29). This 
assemblage suggests a Selandian age.

Fig. 10. Geological sections of the carbonate–clastic Paleogene succession of the Ugar Formation: (a) Kravarevo–Višnjevo profile; (b) Bahori–
Gornja Bodežišta profile.

https://geologicacarpathica.com/data/files/supplements/GC-77-1-Bjelogrlic_TableS1-S2.docx
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At the villages of Dražljevo and Kljeuta (Fig. 2; location 
marked as Sample No. 26), Cretaceous benthic and planktonic 
foraminifera were identified in various breccia limestone frag-
ments. The assemblage includes Orbitoides media (d’Archiac) 
(Fig. 6s), Orbitoides cf. apiculata Schlumberger, Lepidorbi­
toides socialis (Leymerie) (Fig. 6t), Nezzazatinella picardi 
(Henson), Minouxia lobata Gendrot, and the coralline alga 
Melobesia sp., followed by Hedbergella sp., Whiteinella sp., 
Pithonella sphaerica (Kaufmann) and Bonetocardiella sp. 
These fossils range in age from the Turonian to the Maas
trichtian. Other biomicrite fragments contain Decastronema 
kotori (Radoičić) (Fig. 6m), as well as Globotruncanita stuar­
tiformis (Dalbiez), Radotruncana cf. subspinosa (Pessagno), 
and Marginotruncana sp., indicating a Campanian age.

The presence of Bonetocardiella conoidea (Bonet) (Fig. 6k) 
and the Maastrichtian species Siderolites calcitrapoides 
Lamarck in the limestone breccia west of the Mušnica River 
(Fig. 2; Sample No. 37) suggests that the formation of the 
breccia could range from the latest Maastrichtian to the 
Paleocene. In the biomicrites west of the Mušnica River,  
the following fossils were identified: Planorbulina? antiqua 
Manguin (Fig. 9n), Morozovella sp., Dendrophyllia sp. corals 
(Fig. 9x1), and the dasyclad alga of Microsporangiella sp., 
indicating Paleocene age.

At Gornja Bodežišta (Fig. 2; location marked as Sample No 
64/1), both benthic and planktonic foraminifera of Maas
trichtian age were identified in biocalcarenites, including 
Valvulina triangularis d’Orbigny, Contusotruncana fornicata 
(Plummer) (Fig. 6h), Globotruncanita stuartiformis (Dalbiez), 
Hellenocyclina beotica Reichel, Fleuryana adriatica De Castro, 
Drobne & Gušić (Fig. 6z), Orbitoides cf. media (d’Archiac), 
Rotalia trochidiformis (Lamarck), Planoglobulina cf. acer­
vulinoides (Egger).

The overlying biosparites (Fig. 2; location marked as Sample 
No. 64/3) are composed of bryozoan bioclasts, reworked 
rudist fragments, Orbitolinidae, and other Upper Cretaceous 
foraminifera, including Globotruncanita stuarti (Lapparent), 
Globotruncanita cf. stuartiformis (Dalbiez), Contusotruncana 
fornicata (Plummer), Hellenocyclina beotica Reichel, etc. 
These are associated with Planorbulina? antiqua Manguin 
(Fig. 9o), Planorbulinella dordoniensis Hofker, Cibicidoides 
succedens (Brotzen), and Coskinon rajkae (Fig. 9y1), indica
ting Selandian age. In recrystallized biosparites (Sample No. 
64/5), the following taxa were identified: Cibicidoides suc­
cedens (Brotzen), Pararotalia sp., Coskinon sp. This assem-
blage suggests an early Paleocene age.

Fold structures and fault kinematics  
in the Gacko area

Structural–tectonic analysis of folds and faults within the 
Vranduk and Ugar formations was carried out to identify  
the principal deformation phases that controlled the structural 
evolution of the Bosnian Flysch domain.

Cretaceous–Paleogene NE–SW-oriented compression axis 
(D1)

Field investigations revealed numerous meter-to decametre-
scale folds of variable geometries within the Vranduk For
mation. These are predominantly overturned to recumbent, 
southwest-vergent folds (Fig. 11a–f).

Characteristic fold geometries observed in the Vranduk 
Formation are also reflected in the statistical bedding diagram 
(Fig. 11e). The plotted bedding data indicate frequently mea
sured steep and inverted limbs of overturned, recumbent, and 
asymmetric southwest-vergent folds.

Stratified breccias, limestones, calcarenites, and marls of 
the Ugar Formation are likewise folded into meter-scale asym-
metric folds, characterized by subvertical to overturned geo
metries. The axial planes of these folds are inclined and show 
predominant southwest vergence (Fig. 11f–j). The contour 
diagram of bedding attitudes in the Ugar Formation docu-
ments asymmetric overturned and symmetrical south-vergent 
folds with NW–SE-oriented axes (Fig. 11h).

All observed structures affect within Cretaceous–Paleogene 
sediments, which facilitates the interpretation of the timing of 
their activity. Initially, reverse faults with SE–NW strike and 
pronounced southwest vergence were formed, along which 
tectonic transport toward the southwest was inferred. Observed 
local reverse structures are part of a regional thrust that 
includes prominent reverse faulting-related features in the 
studied area (Fig. 12a, b and d).

Progression of compression and shortening within the area 
was accompanied by the development of reverse NNE–SSW 
striking faults, along which, due to SW dipping geometry, tec-
tonic transport was directed toward the northeast (Fig. 12b, d). 
In the study area, strike-slip fault surfaces are common, with 
the compression axes oriented NE–SW (Fig. 12c). Based on 
our field observations and regional studies (van Unen et al. 
2019), these faults likely formed during Cretaceous–Paleogene 
orogenic shortening or immediately thereafter.

Oligocene–Miocene bi-directional extension (D2)

The second observed deformation phase incorporates nor-
mal faults developed under extensional conditions with 
variably oriented extension axes (Fig. 12e–h). Spatial and 
kinematic analyses of faults within the studied structures 
suggest fault activity under an extensional stress field, both 
parallel and perpendicular to the orogen strike. The extension 
axis, parallel to the orogen strike is oriented SE–NW, with 
faults striking NE–SW (Fig. 12e). The extension axis, per
pendicular to the orogen strike is oriented NE–SW, with  
faults striking NW–SE (Fig. 12f). Additionally, numerous 
normal structures and sliding fractures with centimeter-scale 
displacements have been observed in Neogene deposits, 
formed together under extension parallel to the orogen strike 
(Fig. 13a–f).
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Late Miocene–Recent N–S to NNE–SSW-oriented compres-
sion/transpression axis (D3)

The third deformation phase encompasses structures that 
were active under compression and transpression affecting  

the entire Dinarides from the latest Neogene through the 
Quaternary (Andrić et al. 2017). Redistribution of the regional 
stress field led to the reactivation of preexisting structures and 
the local formation of new faults at various orientations, 
exhibiting reverse and strike-slip kinematics. Numerous 

Fig. 11. Fold structures observed in the Vranduk and Ugar formations: (a) Southwest-vergent overturned fold in the Vranduk Formation;  
(b–d) Southwest-vergent recumbent fold in the Vranduk Formation; (e) Statistical diagram of bedding observed in the sediments of the Vranduk 
Formation. The contour diagram of bedding reveals an elongated maximum, with a fold axis striking NW–SE; (f) Southwest-vergent inclined 
overturned fold in the Vranduk Formation; (g) Southwest-vergent overturned fold in the Ugar Formation; (h) Northeast-vergent normal fold in 
the Ugar Formation; (i) Southwest normal fold in the Ugar Formation; (j) Statistical diagram of bedding observed in the sediments of the Ugar 
Formation. The contour diagram of bedding reveals an elongated maximum, with a fold axis striking NW–SE. Fold are affected by local 
fractures (red lines at photos); FA – Fold axis; AP – Axial plane. Axial plane is shown by a red dashed line in the figures. 
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oblique-slip fault, including dextral N–S-striking faults, were 
active within the NE–SW-oriented compression axis (Fig. 14a). 
Additionally, NE–SW-striking strike-slip faults were active 
under N–S-oriented transpression/transtension axis (Fig. 14b1), 
NW–SE-striking strike-slip faults under NNE–SSW-oriented 
compression axis (Fig. 14c), and NE–SW-striking reverse 
faults under NW–SE-oriented compression axis (Fig. 14d). 
NE–SW-striking strike-slip faults active within the transpres-
sional/transtensional stress field are associated with an N–S 
oriented P-axis, which may be suggested also for N–S-striking 
strike-slip faults (Fig. 14b2).

In the Neogene sediments of the Gacko Basin, structures 
active under compressional and transpressional tectonic 
regimes have been observed. In the areas affected by trans-
pression, flower structures can also form (Fig. 14e). The dia-
gram (bottom left, Fig. 14e1) illustrates NE–SW-striking 
strike-slip faults active under NE–SW-oriented compression 
axis, which are kinematically incompatible with NW–SE-
striking faults. The diagram (bottom right, Fig. 14e2) shows 
strike-slip faults striking NE–SW active under the NW-SE-
oriented compression axis. During these deformation phases, 
pre-existing faults were predominantly reactivated. Figure 14f 
shows an oblique-slip fault, which, based on shear sense and 
folding of the host layer, was originally a gravitational fault 
(blue arrow in the Fig. 14f) that became reactivated as an 
oblique-slip fault. Initially, these faults were formed as normal 
faults under an extensional tectonic regime and were later 
reactivated under a transpression and compressional regime.

Discussion

Lithostratigraphic properties of the Vranduk and Ugar for-
mations

In the area of eastern Herzegovina, the Vranduk Formation 
is composed of a sandy-marly series that exhibits turbidite 
characteristics (Dimitrijević et al. 1968; Hrvatović 2022 and 
references therein). Petrographic characteristics indicate that 
the Vranduk Formation predominantly consists of sandstones 
showing a mixed siliciclastic–carbonate composition, ranging 
from quartz-rich litharenites to quartz-poor calcareous lithare
nites. Most litharenite samples contain fragments of basic 
volcanics, diabase with ophitic texture, and serpentinites with 
a mesh texture, suggesting that the clasts of the Vranduk 
Formation largely originated from ophiolites. Previous 
research indicates that the sediments of the Vranduk Formation 
were derived from magmatic rock complexes (diabases and 
spilites), serpentinites, quartzites, and Jurassic to lowermost 
Cretaceous limestones, as evidenced by lithoclasts in poly
mictic breccias and by heavy mineral assemblages (Dimitrijević 
et al. 1968; Mikes et al. 2008). The onset of sedimentation of 
the Vranduk Formation is not well defined because the forma-
tion contains sediments lacking direct age-diagnostic fossils 
(Mikes et al. 2008). Based on calpionellid and foraminiferal 
assemblages, the age of the Vranduk Formation in Central 

Bosnia is generally considered to range from the Tithonian  
to the Berriasian–Valanginian (Charvet 1978; Olujić 1978). 
The upper parts of the Vranduk Formation in the Bosna River 
section contain a diverse Lower Cretaceous assemblage, 
including Braarudosphaera africana (Aptian to Cenomanian), 
suggesting that the age of this sample cannot be older than 
Aptian (Mikes et al. 2008). The northern equivalent of the 
Vranduk Formation in the Dinarides is the Tithonian–Albian 
Oštrc Formation on Ivanšica Mountain in northern Croatia 
(e.g., Lužar-Oberiter et al. 2009). Our research in the area of 
eastern Herzegovina suggests that, if the limestone clasts 
within the breccias and conglomerates are older than the 
enclosing rudite matrix, due to potential reworking of some 
fossils from shallower to deeper marine environments, then 
the upper stratigraphic levels of the Vranduk Formation in  
the study area could be of post–Lower Aptian age, possibly 
corresponding to the Upper Aptian or even Albian. This inter-
pretation is supported by Albian calcareous nannofossil 
assemblages identified in samples collected near Čemerno 
(Fig. 2; Sample No. 39). Previously, the age of these breccias 
was considered Jurassic based on larger benthic foraminifera 
(Dimitrijević et al. 1968).

Sedimentation of the Ugar Formation in eastern Herzego
vina, near Gacko, begins with a basal series of breccias and 
conglomerates of variable thickness. This basal unit is thin and 
is interpreted as the result of rapid deposition, as indicated by 
its coarse and poorly sorted clasts. The basal breccias and con-
glomerates do not exhibit turbidite features, suggesting that 
these deposits were produced by sediment gravity flows. Bio
stratigraphic analysis of planktonic foraminifera from the basal 
breccias and conglomerates indicates an age ranging from the 
possible uppermost Turonian to the lower Santonian. However, 
more recently, this breccia interval has been interpreted as the 
base of a Late Cretaceous transgression, possibly a transgres-
sive succession characterized by shallow marine deposits 
followed by rapid deepening of the depositional environment 
(Lužar-Oberiter et al. 2023). In contrast, Cadet & Sigal (1969) 
attributed the beginning of the transgression to the Ceno
manian.

The basal breccias and conglomerates of the Ugar Formation 
are overlain by a series of Upper Cretaceous carbonate–clastic 
rocks. Large amounts of material were transported into the 
basin by gravity flows. As sedimentation depth increased, 
bioclastic micritic limestones were deposited (Božović et al. 
2024). Packages of carbonate breccias are cyclically repeated 
and are interpreted as the product of syndepositional tectonic 
activity, indicating deposition in the tectonically controlled 
foreland basin (Lužar-Oberiter et al. 2023; Šamarija et al. 
2025). Between the carbonate breccias, micritic limestones, 
and marly limestones occur intervals of grading, horizontal 
laminations, and oblique and wavy flow laminations, with 
lenses of bioclasts. The microfauna of this series is indicative 
of the Upper Santonian to Maastrichtian. Locally, biostrati-
graphic data indicate these are carbonate turbidites of Maas
trichtian age that have been tectonically transported reversely 
along the internal nappe (Fig. 2; Samples Nos. 52, 54, 55).
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Data from this study indicate that the broadest belt around 
Gacko in eastern Herzegovina, is composed of a Paleocene 
carbonate–siliciclastic succession, including carbonate brec-
cias, sandy limestones, marly limestones, calcarenites, and 
marls. This succession is characterized by well-developed 
grading in coarse-grained intervals and laminations that are 
horizontal, oblique, wavy, and convolute in the fine-grained 
sediment intervals (Supplementary Fig. S2a, b). Paleocene 
siliciclastic–carbonate deposits contain sedimentary struc-
tures, current-induced markings, and trace fossils preserved 
within a large-scale slump structures. Paleotransport direc-
tions indicate that the material was transported from the  
W–SW (Dimitrijević et al. 1968). These features suggest that 
gravity currents of varying density and transport mechanisms 
influenced this part of the series (Mudler & Alexander 2001). 
This Paleocene series represents the proximal part of the 
Upper Cretaceous–Paleogene turbidite sequence (Hrvatović 
2022). The siliciclastic component of the sandstones in the 
Ugar Formation is largely composed of quartz and foliated 
quartz–mica lithoclasts, while the heavy mineral fraction 
includes Cr-spinel, zircon, garnet, rutile, and tourmaline, 
indicating contributions of material from units exposed in  
the advancing orogenic wedge (Lužar-Oberiter et al. 2023). 
Although most authors, except for Dimitrijević et al. (1968), 
interpret the Ugar Formation as Upper Cretaceous in age, 
biostratigraphic analyses conducted during this study indicate 
that the majority of the unit is Paleocene in age. 

Implications for the tectonic evolution of the Vranduk and 
Ugar formations

Three significant and temporally distinct tectonic phases 
have been defined by tectonic studies, spanning from the 
Cretaceous period to the present. The first deformation phase 
resulted from prolonged convergence during continental colli-
sion, which led to the formation of southwest-vergent nappes 
and northeast-vergent reverse faults (van Unen et al. 2019). 
Foreland-vergent thrust faults represent the dominant tectonic 
structures within the foreland basin domain. The development 
of northeast-vergent back-thrusts, as secondary structures in  
a compressional regime, likely reflects a late-stage compres-
sional phase, during which continued crustal shortening and 
wedge thickening led to local stress reorientation and the acti-
vation of oppositely verging thrusts (Porkoláb et al. 2019; 
Schmit et al. 2020; Casini et al. 2025).

The Cretaceous–Paleogene tectonics are characterized by 
periods of final collision and the closure of the remaining 

Neotethys Ocean (e.g., Pamić et al. 2002; Schmid et al. 2020).  
The onset of the Cretaceous–Paleogene collision coincident 
with the deposition of deep-water syn-contractional Campa
nian–Maastrichtian turbidites, which localized deformation 
during thrusting (Demir et al. 2019). The Cretaceous–Paleo
gene tectonics involved compressional phases driven by the 
subduction of the Adriatic plate and collision with units of 
European affinity, manifested by multiphase folding, as well 
as activation of large nappes and reverse faults (van Unen et 
al. 2019). The predominant faults are NW–SE–striking reverse 
faults, which were active under NE–SW–oriented compres-
sion axis (Fig. 11a, b, and d). In the stress field of the same 
orientation, NNW–SSE strike-slip faults were also active  
(Fig. 11c). Structures active under NE–SW, NNE–SSW to 
N–S-oriented compression axis developed during the com-
pressional Cretaceous–Paleogene collision period (van Unen 
et al. 2019). Porkoláb et al. (2019) note that during the colli-
sion of the Adriatic plate with European affinity units, the pre-
dominant compression direction was NE–SW.

The second deformation phase was associated with a sig
nificant regional event, the Oligocene–Miocene extension, 
during which older reverse structures were reactivated as nor-
mal faults, and new normal faults also developed (e.g., Toljić 
et al. 2013 with references; van Unen et al. 2019). Besides  
the Dinarides, the Alpine pro-foreland, i.e., the German 
Molasse Basin, shows a similar reactivation pattern, with 
deformation recorded along reactivated Mesozoic faults as 
well as newly formed Cenozoic normal faults (Eskens et al. 
2025). In this Oligocene–Miocene extensional pattern, two 
groups of (re)activated normal faults have been distinguished. 
The first group includes NE–SW striking structures, active in 
extension parallel to the orogen strike. The second group, 
NW–SE-oriented faults, was active in extension perpendicular 
to the orogen. It is well established that flexural basins com-
monly develop gravity faults both parallel and perpendicular 
to the basin’s long axis (Tavani et al. 2015). Such faults may  
therefore share the characteristics attributed here to the Oligo
cene–Miocene structures. Given that similarly oriented and 
kinematically comparable faults are documented in the Neo
gene sediments of the Gacko Basin in eastern Herzegovina, 
the normal faults discussed here are interpreted as Oligocene–
Miocene in age.

The structures formed during the Oligocene–Miocene 
extension migrated both temporally and spatially and were 
subjected to clockwise rotation. As a result of orogenic rota-
tion within an extensional stress field, two fault subgroups 
developed with slightly different orientations, both formed 

Fig. 12. Reverse and strike-slip faults active during Cretaceous–Paleogene compression, dipping towards NE (a–d) and normal faults active 
during extension parallel to the orogen strike, and structures active in extension perpendicular to the orogen strike (e–h): (a) Reverse faults 
dipping to the northeast; (b) Reverse faults dipping to the southwest; (c) Striations on a dextral strike-slip fault belonging to the group of 
transfer structures; (d) Reverse faults dipping to the southwest, overprinted by younger normal faults; (e) Normal faults active in extension 
parallel to the orogen strike have SW–NE-oriented extension, with faults striking NW–SE; (f) Extension perpendicular to the orogen strike is 
oriented NW–SE, with faults striking SW–NE; (g) Normal faults active during the subphase of extension parallel to the orogen. The extension 
axis is oriented N–S; (h) Striations on a normal faults active during the subphase of extension perpendicular to the orogen. The extension axis 
is oriented E–W.

https://geologicacarpathica.com/data/files/supplements/GC-77-1-Bjelogrlic_FigS2.jpg
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during the second deformation phase. The first subgroup, 
comprising E–W striking faults, was active in extension paral-
lel to the orogen strike (Fig. 12g). The second subgroup, 
consisting of N–S striking faults, was active in extension 
perpendicular to the orogen strike (Fig. 12h). Perpendicular 
extension is attributed to the rollback of the subducted oceanic 
lithosphere in the Carpathians and to the presence of oceanic 
crust beneath the Dinarides (Handy et al. 2015 with referen
ces). Parallel extension is linked to the Carpathian subduction 
and the detachment of the Adriatic plate, and may have been 
further influenced by rollback in the Aegean subduction zone 
(Handy et al. 2015 and references therein). Additionally,  
van Unen et al. (2019) associate Miocene extension with 
subduction during plate separation or with post-detachment 
gravitational collapse of the orogen.

Similar structures have been described in other parts of the 
Dinarides. The Oligocene–Miocene extension created nume
rous normal faults along the major Dinaric contacts (van Unen 
et al. 2019). In the external and internal Dinarides (Fig. 1b), 
paleostress studies indicate the existence of a bivergent exten-
sion regime (van Gelder et al. 2015; Žibret & Vrabec 2016; 
Porkoláb et al. 2019). Structural and geodynamic studies have 
shown that extension in the southern part of the Pannonian 
Basin was largely driven by regional clockwise rotation of  
the Tisza–Dacia block (Horváth et al. 2015). Conversely, the 
northern margin of the Dinarides adjacent to the Pannonian 
Basin experienced extensive exhumation in E–W oriented 
extension (Ustaszewski et al. 2010; Toljić et al. 2013; van 
Gelder et al. 2015). Additionally, Horváth et al. (2015) and 
Matenco & Radivojević (2012) linked the Oligocene–Miocene 
extension to the opening of the extensional Pannonian Basin. 
The opening was initiated around 20 Ma, between the sub-
ducted Adriatic and Carpathian oceanic lithosphere, as a result 
of slab retreats (Horváth et al. 2015). The Oligocene–Miocene 
extension also led to the formation of intramontane Dinaric 
lakes, including the Gacko Neogene Basin (Krstić et al. 2003; 
Neubauer et al. 2003; Harzhauser & Mandić 2008; de Leeuw 
et al. 2010; Mandić et al. 2011).

The extension phase was followed by compression and 
inversion of Neogene basins, which began in the late Miocene 
and remains active today. This phase of tectonic deformation 
resulted from the indentation and northward to north-north-
eastward movement of the Adriatic plate (Schmid et al. 2020) 
coupled with the counterclockwise rotation of the Adriatic 
plate (Márton et al. 2003; Weber et al. 2010; Heidbach et al. 
2016; van Unen et al. 2019). The youngest deformation phase 
is characterized by N–S oriented compression in a transpres-
sional and reverse tectonic regime. Paleostress analysis results 
indicate that the N–S oriented compression gradually changes 

orientation towards NNE–SSW and NE–SW in the southeas
tern Dinarides (Bada et al. 2007; Heidbach et al. 2007).

Conclusion

The study of the evolution of the Cretaceous–Paleocene 
foreland basin in eastern Herzegovina, through field investi
gations combined with biostratigraphic age determinations, 
has shown that this part of the Dinaric chain was influenced  
by a multi-phase tectonic evolution. Sedimentological and 
biostratigraphic data indicate that the Bosnian Flysch Units 
have a complex organization and are the product of tecto
nically controlled Cretaceous–Paleogene deposition and 
deformation.

Sedimentological evidence indicates that the Vranduk 
Formation in eastern Herzegovina is predominantly clastic in 
nature, sourced from the northeast continental basements 
composed of metamorphic and ophiolitic rocks. Biostrati
graphic data suggest Barremian–Lower Aptian to post-Lower 
Aptian age for the Vranduk Formation in this area.

The Ugar Formation in eastern Herzegovina consists of 
three members: (1) basal Upper Cretaceous limestone breccias 
and conglomerates; (2) Upper Cretaceous carbonate–clastic 
sediments; and (3) Paleocene carbonate–siliciclastic sedi-
ments, derived from the southwestern situated Adriatic 
Carbonate Platform, and redeposited into the turbiditic basin. 
Biostratigraphic studies support a possible uppermost Turo
nian to lower Santonian age for the basal breccias and con-
glomerates, Upper Santonian to Maastrichtian age of Upper 
Cretaceous carbonates, and Paleocene age of carbonate–silici-
clastic sediments.

Structural investigations reveal that both formations exhibit 
complex folding, with overturned, recumbent, and asymmet
rical folds verging southwest, formed during NE–SW com-
pressional phases associated with Cretaceous and Paleogene 
shortening and thrusting.

Kinematic analysis of faults and the reconstruction of 
paleostress fields have identified three significant and tempo-
rally distinct tectonic phases. The oldest deformation phase is 
represented by a group of reverse and strike-slip faults active 
in the NE–SW-oriented compression axis. Initially, reverse 
faults trending NW–SE formed, along which tectonic trans-
port occurred toward the southwest. In front of these thrust 
structures, a long-lived regional foreland basin developed 
where Cretaceous-Paleocene formations were deposited.  
The culmination of continental collision resulted in the deve
lopment of a group of NW–SE trending reverse faults, with 
tectonic transport directed toward the northeast.

Fig. 13. Normal faults observed in the Neogene sediments of the Gacko Basin: (a) Normal faults activated during WNW–ESE oriented exten-
sional regime; (b) Normal fault activated during NW–SE oriented extensional regime; (c) Local normal structures activated during ESE–WNW 
oriented extensional regime; (d) Local normal structures activated during NW–SE oriented extensional regime; (e) Normal faults activated 
during ESE–WNW oriented extensional regime; (f) Local normal structure activated during NW–SE oriented extensional regime. The diagram 
demonstrates that these structures were developed in extension parallel to the orogen strike.
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In the broader context of the tectonic evolution of the 
Dinarides, a set of normal faults formed during the second 
deformation phase as a result of regional extension. Structures 
active in extension parallel to the orogen (NW–SE orientation) 
and those active in extension perpendicular to the orogen 
(NE–SW orientation) can be distinguished. The youngest 
deformation phase involved faults active in compression that 
affected the entire Dinarides in the Late Neogene. This stress 
field was characterized by reverse and strike-slip faults active 
under N–S to NNE–SSW-oriented compression/transpression 
axis.

Finally, deposition of the Vranduk and Ugar Formations 
took place in a foreland basin and was driven by nappe propa-
gation and displacement towards the foreland in response to 
ongoing compression.
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