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INTRODUCTION
The Velebit Mt., a large karstic geomorphostructure situated 
along the eastern Adriatic Sea coast, incorporates the northern 
part of the Dinaric orogenic belt that extends from Senjska 
Draga in the NW to the Zadar hinterland in the SE (Fig. 1; e.g., 
VLAHOVIĆ et al., 2012; ŽEBRE et al., 2021). With a length 
of almost 150 km and averaging 14 km in width, Velebit Mt. 
(the third highest mountain in Croatia, highest peak at 1757 m 
a.s.l.) is composed almost completely of carbonate rocks, 
showing extensive mechanical and chemical weathering 
forming variable types of karstic landforms and subsurface 
features often influenced by Quaternary glacial processes 
(SARIKAYA et al., 2020; ŽEBRE et al., 2021 and references 
therein). As a part of the External Dinarides, Velebit Mt. was 
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Abstract
The Velebit Mt. was uplifted by multistage tectonics resulting in the formation of an approx-
imately 150 km long, NW–SE striking anticline comprising a Late Palaeozoic to Cenozoic 
carbonate-clastic succession, with a major orogenic event in the younger Palaeogene. This 
study focused on the tectonostratigraphic investigation of a massive Tectogenic carbonate 
breccia (TCB) studied in the Northern Velebit area, known in the Croatian literature as the 
Jelar or Velebit breccia. Results of field investigations along eight profiles show that the 
Northern Velebit represents an ENE-verging fold formed by general E–W (ENE–WSW) 
contraction in the hangingwall of the NNW–SSE oriented fault, a terminal strand of the NW–
SE striking Bakovac Fault Zone. The Palaeogene (–Early Miocene?) and post-Early Mio-
cene tectonic activity resulted in NNW–SSE/ESE–WNW oriented compression, followed 
by NE–SW and NW–SE extension as a result of the gravitational collapse of the Northern 
Velebit anticline. N–S and E–W striking dextral/sinistral faults suggest NW–SE/NE–SW 
and ESE–WNW oriented transpression/transtension in the Northern Velebit area after the 
Early Miocene. Repeated structural reactivation/tectonic inversion within the Northern Vele-
bit anticline hinge area affected the Jurassic–Cretaceous carbonates, especially along the 
strike of the fault/fracture systems, which resulted in prolonged brittle deformation, i.e., cata-
clasis, brecciation, and formation of the TCB. Within the part of the study area marked as 
carbonate breccia on existing geological maps, on average, 67% of eight studied profiles 
are actually composed of Upper Jurassic and Cretaceous limestones (and some dolomites). 
Between those rocks and the TCB typically a transitional zone from metres to a few tens of 
metres wide can be observed, composed of (1) intensely tectonised limestones/dolomites, 
and (2) crackle/mosaic carbonate breccia, covering approximately 12% of the total profile 
length. Tectogenic carbonate breccia in the study area are mostly represented by (3) mo-
nomictic carbonate breccia and (4) polymictic carbonate breccia, while (5) carbonate con-
glomerates and breccia-conglomerates form only rare small lenses. TCB lithotypes crop 
out along approximately 21% of the profile length marked as carbonate breccia on the ex-
isting geological maps of the study area. Most of the TCB outcrops were observed in the 
central zone of the Northern Velebit, while intensely tectonised limestones, crackle/mosaic 
carbonate breccia and Upper Jurassic and Cretaceous carbonate rocks predominate in the 
eastern and western parts.

the subject of numerous studies that extensively investigated 
its geomorphological properties (e.g., CVIJIĆ, 1893; ROGLIĆ, 
1963; BOGNAR et al., 1991; VELIĆ et al., 2011, 2017; 
SARIKAYA et al., 2020; ŽEBRE et al., 2021 and references 
therein), as well as the tectonostratigraphic and thermochrono­
logical evolution in the frame of the Adria Microplate–
Eurasian Plate collision (e.g., BAHUN, 1974; TARI KOVAČIĆ 
& MRINJEK, 1994; PRELOGOVIĆ et al., 1995, 2004; 
VLAHOVIĆ et al., 2005; SCHMID et al., 2008; KORBAR, 
2009, 2025; ŚRODOŃ et al., 2018; BALLING et al., 2021a, 
2023).

Though conducted studies unambiguously show all the 
complexity of Mesozoic–Cenozoic tectonic processes that 
influence polyphase formation and evolution of the Velebit Mt., 
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the spatial presence of the thick and highly heterogenous 
Palaeozoic–Cenozoic succession (Fig. 2) combined with 
distinctive structural patterns, still leaves many open questions 
regarding the structural evolution at the local scale. This parti­
cularly refers to the specific relationships between the observed 

tectonic structures in the Velebit Mt. area and the extensive 
cover of carbonate breccia, here referred to as the Tectogenic 
carbonate breccia (TCB), and usually in Croatian literature 
referred to as the Jelar deposits (or Jelar formation, Jelar beds, 
Jelar breccia, Jelar group; e.g., BAHUN, 1962, 1963, 1974, 

Figure 1. Tectonostratigraphic domains of the Dinarides, Eastern Alps, Pannonian Basin and Sava Suture Zone delineated by regional faults (after SCHMID 
et al., 2020). Central Velebit Profile (CVP) showing structural and geological architecture in the central part of the Velebit Mt. area and its hinterland (af-
ter BALLING et al., 2023). The studied area of the Northern Velebit National Park is indicated with a blue rectangle.
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1984; SAKAČ et al., 1993a, b; TARI KOVAČIĆ & MRINJEK, 
1994; KORBAR, 2009, 2025) or Velebit breccia (e.g., 
VLAHOVIĆ et al., 2012; BALLING et al., 2023). In this study, 
we focus on understanding the tectonic framework of the 
northern segment of Velebit Mt. belonging mostly to the 
Northern Velebit National Park, its structural architecture and 
structural control on formation of the extensive TCB and closely 
related intensely tectonised carbonate rocks. This research 
incorporated extensive structural-geological investigations that 
combined structural data measurements and analysis, as well 
as geological mapping along the predefined profiles focused on 
sampling and identification of different lithotypes of intensely 
tectonised limestones and the TCB.

Significant new research should be undertaken before 
attempting formalisation of this breccia as the formal litho­
stratigraphic unit, so for now it could be useful to use the 
generic term TCB for tectonic-related breccia occurrences 
formed due to Palaeogene tectonics in the External Dinarides. 
However, we do not suggest abandoning the Jelar/Velebit 
breccia terms, since these terms will probably be used for the 
future formalisation. Besides explanation of the breccia’s 
genetic interconnection with the orogeny of the External 
Dinarides, the TCB terminology is advantageous as similar 
massive carbonate breccia occurrences could be interpreted 
and named in the same manner in future studies within other 
Circum-Mediterranean orogens as well as in other areas.

Breccias are one of the least studied types of sedimentary 
rocks for several reasons, from the often very spatially limited 
areas of their outcrops, which makes it difficult to display them 
on geological maps, to the usually polygenetic and polyphase 
origin that results in local great variability in their properties. 
Also, as often being the weakest parts of the structure, they 
are frequently subsequently tectonised which further increases 
the influence of diagenesis that masks their original features. 
Dating breccias also represents a special challenge, since their 
age can often only be determined by indirect methods because 
they commonly do not contain index fossils in the matrix and 
are rarely suitable for absolute dating.

This research represents a contribution to the study of 
Tectogenic carbonate breccias which cover a large area of the 
External Dinarides – approximately 1000 km2 according to 
the existing geological maps of the area (Table 1).

2. TECTONO-GEOLOGICAL SETTING
2.1. Velebit Mt. tectonic evolution
The Velebit Mt. as part of the Dinaric orogenic belt formed by 
thin-skinned thrusting along the NE margin of the Adria 
Microplate which peaked during the middle to late Eocene 
(–early Oligocene?) (e.g., TARI KOVAČIĆ & MRINJEK, 
1994; TARI, 2002; VLAHOVIĆ et al., 2005; SCHMID et al., 
2008, 2020; BALLING et al., 2021b, 2023). This almost 150 
km long NW–SE striking asymmetric structure is composed 
of intensely folded Mesozoic–Cenozoic sedimentary 
sequences affected by cogenetic faults showing repeated 
structural reactivation and inversion via several km-scale 
translations and rotations. Velebit Mt. tectonic evolution was 
discussed in several studies proposing three different 
evolutionary scenarios.

The first scenario proposed by BAHUN (1974), TARI 
KOVAČIĆ & MRINJEK (1994) and PRELOGOVIĆ et al. 
(1995, 2004) suggests that Eocene–Oligocene tectonic uplift 
of the Velebit Mt. structure occurred in a hangingwall of the 
presumed regional NE-dipping reverse fault, referred to as the 
Velebit fault, which should strike either along the Adriatic 
coastline or could be positioned in the immediate offshore, i.e. 
along the Velebit Channel.

In the second scenario, KORBAR (2009, 2025) suggested 
that the Velebit represents a positive flower structure formed 
along the presumed NE-dipping Cenozoic Velebit transpressive 
dextral-reverse fault. That fault as a part of the NE Adriatic 
fault zone should have accommodated Eocene–Oligocene 
compression and caused formation of the Velebit structure 
with its pronounced highly tectonised stratigraphic cover i.e., 
the Jelar carbonate breccia (or TCB herein).

The third scenario proposed by BALLING et al. (2021b, 
2023), based on the mechanical stratigraphy and 2D forward 
kinematic modelling, suggested formation of the Velebit Mt. 
monocline as a hangingwall structure (see VFZ in Fig. 1) of 
the SW-dipping Lika passive backthrust. According to these 
authors, tectonic uplift of Velebit Mt. commenced during 
Eocene–Oligocene folding and thrusting, along the inherited 
and tectonically inverted Mesozoic NE-vergent backthrusts 
which formed a 75 km wide triangular structure (see the 
Central Velebit Profile in Fig. 1), that accommodated at least 
44 km of horizontal shortening. The authors also proposed that 
such a triangle structure is built of the thin-skinned NE-
vergent backthrusts composed of Palaeozoic strata detached 
from the SW-vergent thick-skinned antiformal stack composed 
of the lower Palaeozoic Adria Microplate basement (Fig. 1). 
Based on seismicity and structural data, BALLING et al. 
(2021b, 2023) suggested that the Velebit Mt. structure acco­
mmodates predominantly strike-slip motion.

It is clear that these aforementioned scenarios proposed 
for a tectonic evolution of the Velebit Mt. are kinematically 
and structurally different, but it should be noted that their 
accuracy and validity are based on available Mesozoic–
Palaeogene outcrops, which are in large areas covered by 
massive outcrops of carbonate breccia (the TCB), mostly masking 
important tectonic contacts and fault zones (VLAHOVIĆ et 
al., 2012).

Though it is considered that tectonic uplift and formation 
of the Velebit Mt., as well as the entire Dinaric orogenic belt 
(both Internal and External Dinarides) climaxed in the 
Eocene–Oligocene, available data on the present day stress 
field and GPS data, confirm ongoing horizontal stress field 
perturbations along the Dinarides due to the N- to NNE-ward 
directed Adria Microplate–Eurasian Plate convergence at rates 
between 3 and 4.5 mm/year (GRENERCZY et al., 2005; 
D’AGOSTINO et al., 2008; CAPORALI et al., 2009; WEBER 
et al., 2010; MÉTOIS et al., 2015). These convergence rates are 
horizontally partitioned at the scale of 1–1.5 mm/year along 
the East Adriatic coastline and 2 mm/year across the Dinarides, 
mostly accommodating thrusting and strike-slip faulting 
processes along the fault systems (HERAK et al., 2005; 
KASTELIC et al., 2013; USTASZEWSKI et al., 2014; 
GOVORČIN et al., 2020).
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2.2. Lithological succession of the study area
The lithological succession of the External Dinarides including 
Velebit Mt. is characterised by predominantly shallow marine 
carbonate platform deposits up to 8000 m in thickness 
(TIŠLJAR et al., 2002; ŚRODOŃ et al., 2018). Tectonic 
complexity combined with palaeogeographic differences 
yielded lithological successions that are often highly variable 
both spatially and vertically (e.g., VLAHOVIĆ et al., 2005; 
SCHMID et al., 2020; BALLING et al., 2021b; and references 
from Table 1).

In the Velebit Mt. area the oldest sedimentary succession 
began with an approximately 2000 m thick succession of 

Upper Carboniferous to Lower Triassic siliciclastic rocks, 
dolomites and limestones (RAMOVŠ et al., 1990; ALJINOVIĆ 
et al., 2008; FIO et al., 2010; ISOZAKI et al., 2011). Deposited 
along the Gondwanian passive continental margin, these 
deposits were covered by Middle Triassic thick-bedded to 
massive limestones deposited in lagoonal environments with 
beds and lenses of sandstones, shales, cherts, and volcanoclastic 
material. Middle Triassic deposits, as the oldest rocks in the 
studied Northern Velebit area (Fig. 2), are 700–1400 m thick 
and such a difference in thickness is a result of the variable 
duration of the regional emergence lasting from the early or 
late Middle Triassic to middle Late Triassic, caused by 
extensional differentiation and separation of the Adria 

Figure 2. Geological map and lithological column of the Northern Velebit National Park and surrounding area (after MAMUŽIĆ et al., 1969; VELIĆ et al., 
1974). Due to the rugged, highly dissected karstic landscape, geological and structural field investigations were focused along the existing mountain 
trails and pathways marked as P1 to P8 profile lines. Schematic geological profile NVP (Northern Velebit Profile) is shown in Figure 12.
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Microplate (MAMUŽIĆ et al., 1969; VELIĆ et al., 1974; 
VLAHOVIĆ et al., 2005; SMIRČIĆ et al., 2018, 2020). This 
tectonic segmentation enabled considerable movement of the 
Adria Microplate towards the north and relative isolation 
within the Tethyan realm, enabling stable subsidence and 
deposition of carbonates, several thousand metres thick, in 
almost ideal conditions from the Middle Triassic to the end of 
the Cretaceous (Fig. 2; VLAHOVIĆ et al., 2005, and references 
therein). During the long-lasting emergence in the Velebit area, 
the succession of clastic rocks known as the Raibel deposits, 
of highly variable thicknesses (mostly 0–100 m, rarely thicker) 
was deposited, and eventually covered by an approximately 
400 m thick sequence of Upper Triassic dolomites (the so-
called Hauptdolomit). The Lower Jurassic succession is 
represented by a ≈700 m thick alternation of limestones and 
dolomites followed by Lithiotid limestones and Fleckenkalk 
(spotted limestones; see Fig. 2). The Lower Jurassic carbonates 
are covered by a ≈2000 m thick sequence of Middle and Upper 
Jurassic deposits characterised by thick-bedded, massive and 
well-bedded limestones that often show alternation of small-
scale depositional cycles.

The youngest Mesozoic rocks in the study area are 
Cretaceous shallow-marine carbonates that are within the 
Northern Velebit National Park in contact with Tectogenic 
carbonate breccia (TCB). With a rugged landscape, intensively 
karstified surface (Fig. 3) with karstic towers and numerous 
caves and pits, this informal lithostratigraphical unit is 
characterised by poorly sorted carbonate clasts that were 
usually tectonised before deposition, and vary in size from less 
than one mm to a couple of centimetres (VLAHOVIĆ et al., 
2012). Composed of clasts mostly originating from the 
surrounding Jurassic and Cretaceous bedrock (rarely including 
Palaeogene clasts), such carbonate breccia deposits according 
to data from Basic Geological Maps cover more than 1000 
km2 of the External Dinarides (Table 1) and locally exceed 
more than 600 m in thickness (see VLAHOVIĆ et al., 2012 for 
details).

The youngest Quaternary cover of the Velebit area is 
represented by several metre thick moraine deposits found in 
Northern Velebit with absolute ages between 94.0 ± 24.0 ka 
and 9.0 ± 0.8 ka (ŽEBRE et al., 2021). 

2.3. Review of Tectogenic carbonate breccia 
research in the External Dinarides
Tectogenic carbonate breccia (TCB; in the Croatian literature 
usually referred to as Jelar or Velebit breccia) together with the 
youngest alluvial part of the Promina deposits (ZUPANIČ, 
1969; MRINJEK, 1993; TARI KOVAČIĆ & MRINJEK, 
1994), the largest areas of which occur in southeasternmost 
Velebit Mt. area and Northern Dalmatia south of Obrovac and 
Karin (Fig. 1), represent the two largest coarse-grained clastic 
lithostratigraphic units within the External Dinarides. Large 
outcrops of breccia were first studied in the early 20th century 
during geological mapping of the Austro-Hungarian Monarchy. 
On those historical maps breccia deposits were mostly referred 
to as Grey Lower Cretaceous breccia or Lower Cretaceous 
breccia and limestones on Velebit Mt. and the surrounding areas 
(e.g. SCHUBERT, 1908, 1909; SCHUBERT & WAAGEN, 

1912), or as Rudist limestones and breccia of the Lower and 
Upper Cretaceous on the island of Krk and surrounding areas 
(e.g. WAAGEN, 1905, 1908), based on the age of the 
predominant clasts and limestones found between breccia 
outcrops. On some of the later published maps of the Velebit 
area, the breccia deposits were addressed as Grey breccia of 
Velebit (e.g. SCHUBERT, 1920a, b), while KOCH (1929) 
referred to them as Lower Cretaceous grey and multicoloured 
breccia. Very small bodies of conglomerates with some 
younger Upper Cretaceous and Palaeogene clasts found within 
breccia deposits were determined as part of the Promina 
deposits (SCHUBERT, 1909; SCHUBERT & WAAGEN, 1912; 
KOCH, 1929).

Subsequently, until the 1960’s, the massive carbonate 
breccia occurrences were considered to be part of the so-called 
Promina deposits of Velebit and Lika (POLJAK, 1938; 
POLŠAK, 1957; CRNOLATAC & MILAN, 1959; BAHUN, 
1962), although HERAK (1959) considered that massive 
carbonate breccias were not part of the Promina deposits but 
an older succession formed during the Cretaceous. The most 
comprehensive study of the carbonate breccias took place 
during work on the Basic Geological Map of the former 
Yugoslavia at 1:100,000 scale. Carbonate breccias were mapped 
on 13 map sheets (Table 1), but with different descriptions and 
stratigraphic assignments. Variable breccia stratigraphic 
assignments and descriptions at the scale of geological maps 
were due to the rough landscape and outcrop inaccessibility, 
complex spatial breccia occurrences and ambiguous strati­
graphic/tectonic relationships to the surrounding units, which 
resulted in different opinions as to when formation of the 
breccias took place.

On these geological maps (Table 1), three distinct breccia 
outcrop types can be recognised: (i) extensive cover with 
thicknesses in places exceeding 400 m (e.g. in the Northern 
and Central Velebit area), (ii) numerous small outcrops, 
probably erosional remnants of a once more widespread and 
thicker breccia cover (Lika region), and (iii) elongated breccia 
outcrops on the Kvarner Islands (e.g. islands of Krk and Rab), 
mostly located within the hinge zones of large anticlines. 
Small carbonate breccia outcrops have also been identified in 
the Hrvatsko primorje (POLŠAK, 1957) and in parts of 
Dalmatia and Herzegovina (SAKAČ et al., 1993a, b). The 
largest outcrop of TCB in Croatia, covering an area of c. 690 
km², extends continuously from the western and southwestern 
slopes of Velebit Mt., along the Bakovac Fault Zone (Fig. 2), 
and from the NW (Kosinj area) to the Lika region SE of 
Gospić. This extensive breccia outcrop accounts for more than 
two-thirds of the total breccia surface exposure area.

A very significant sedimentological and structural 
contribution was made by BAHUN (1962), who used data 
from a borehole near Lake Kruščica in Lika and determined 
that the carbonate breccias at that location were interbedded, 
both laterally and vertically, with brown limestones containing 
foraminifera and ostracods. Similar relationships were noted 
by IVANOVIĆ et al. (1965), although they did not mention any 
fossil content. Subsequently, BAHUN (1963) stressed a 
distinction between breccia-dominated deposits and typical 
Promina Beds due to significant lithological, depositional and 
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structural differences, proposing for them a new term, Jelar 
deposits, to be used until further, more precise stratigraphic 
determination was available. Originally the author estimated 
that these deposits comprise approximately 70% limestone 
breccias composed of Jurassic, Cretaceous and Palaeogene 
clasts, 25% massive or bedded limestones, and 5% marls and 
marly breccia.

BAHUN (1962, 1974) related the formation of breccias to 
the tectogenesis of Velebit Mt. and proposed that it occurred 
in two tectonic phases – a compressional phase resulting in 
Late Cretaceous–Palaeogene tectonic uplift of Velebit Mt., and 
its Palaeogene–Neogene post-uplift relaxation phase. A similar 
tectonic evolution was described by the same author (BAHUN, 
1985) for the breccia outcrops in the Srebrenica River valley 
in SE Lika region, where he reclassified breccias previously 
considered as Upper Jurassic in age as the Jelar deposits. 
HERAK & BAHUN (1979) referred to these brecccias as the 
Jelar formation and interpreted them as a ”Tertiary wildflysch” 
formed by “orogenic disturbances and erosion”, mostly during 
the Palaeogene.

BAHUN (1984) identified contacts between the Jelar for­
mation and surrounding rocks as gradual, including transitional 
zones from massive, undeformed limestones to increasingly 
fractured limestones, which within fracture zones contain 
angular fragments and low cement content. The same author 
stated that with progressive brittle deformations of already 
fractured limestones, the Jelar formation experienced a pro­
gressive increase in cement content and clast size variability, 
which gradually transitioned into a heterogeneous polymict 
breccia.

TARI KOVAČIĆ & MRINJEK (1994) proposed two 
levels of Jelar breccia based on the tectonic phases and their 
timing. The authors considered that Early Jelar breccia are 

coeval with the middle Eocene part of the flysch formation 
forming the base of the neighbouring Promina deposits, while 
the Late Jelar breccia were according to them formed during 
middle to late Eocene. TARI KOVAČIĆ & MRINJEK (1994) 
also noted that conglomerates from the youngest part of the 
Promina beds contain cannibalised clasts of the Early Jelar 
breccia (not illustrated in their paper), indicating that the 
youngest part of the Promina beds should be younger than the 
Jelar breccia. As the studied breccia deposits are generally 
missing stratigraphic cover, except for Quaternary deposits, 
findings of freshwater Pliocene marls above breccias in 
boreholes near Gornji Kosinj and the Zrmanja River by FRITZ 
& PAVIČIĆ (1975) and FRITZ et al. (1978) suggested that 
breccia was deposited in that area between the middle Eocene 
and the Pliocene.

More recent studies of the structural emplacement and 
breccia formation were presented by VLAHOVIĆ et al. (2012, 
2018), based on their preliminary results (VLAHOVIĆ et al., 
2007, 2011). The authors described breccias as massive, 
unsorted, clast-supported deposits, lacking visible sedimentary 
internal fabrics and structures. The majority of the clasts are 
tectonised, indicating intense tectonic activity prior to their 
deposition, while occurrences of cannibalised breccia clasts 
within the breccia suggested their polyphase evolution. The 
authors recognised the gradual contact with the surrounding 
rocks as one of the main criteria differentiating the investigated 
breccia from other types of breccia. The authors also noted 
that breccia contacts with the surrounding rocks are mostly 
steeply inclined to vertical and that all breccia outcrops have 
a common denominator: (i) Palaeogene tectogenesis (possibly 
even partly Neogene in age), (ii) a typical habitus almost 
entirely composed of carbonate clasts of the same or various 
ages infilled with a mostly finely crushed carbonate matrix, 

Table 1. Sheets of the Basic Geological Maps of SFRY at 1:100,000 scale with the associated stratigraphic age of the breccia, number of breccia outcrops 
and total area covered by breccia within the External Dinarides.

Basic Geological Map sheet
Authors of Basic Geological Maps 

and Explanatory Notes
Breccia stratigraphic 

symbol
Number of outcrops Area (km2)

BIHAĆ POLŠAK et al., 1976, 1978 E, Ol 10 1.63

CRIKVENICA
ŠUŠNJAR et al., 1970
GRIMANI et al., 1973

E3, Ol1 104 14.55

DRNIŠ IVANOVIĆ et al., 1977, 1978 2E2 3 2.05

GOSPIĆ SOKAČ et al., 1974, 1976a E, Ol 34 273.27

KNIN GRIMANI et al., 1972, 1975 E, Ol 1 0.76

OBROVAC IVANOVIĆ et al., 1973, 1976 Pg, Ng 16 143.17

OGULIN
VELIĆ & SOKAČ, 1981

VELIĆ et al., 1982
E, Ol 7 5.65

OMIŠ MARINČIĆ et al., 1976, 1977 Ol 13 21.36

OTOČAC
VELIĆ et al., 1974

SOKAČ et al., 1976b
E, Ol 71 290.14

RAB
MAMUŽIĆ et al., 1969

MAMUŽIĆ & MILAN, 1973
Pg, Ng 34 148.18

SILBA
MAMUŽIĆ et al., 1970

MAMUŽIĆ & SOKAČ, 1973
Pg2,3 9 33.01

UDBINA
ŠUŠNJAR et al., 1973
SOKAČ et al., 1976c

Pg, Ng 103 45.58

ZADAR
MAJCEN et al., 1970

MAJCEN & KOROLIJA, 1973
Pg2,3 1 27.70

TOTAL 406 1,007.05
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and (iii) outcrops are located exclusively along the NE-verging 
tectonic structures, which are rare in the External Dinarides.

The same authors noted that breccia thickness in the 
central parts of the Velebit Mt. locally reaches more than 600 
m. Based on extensive field studies, the authors suggested that 
massive carbonate breccias are tectonically emplaced within 
zones related to NE-verging overturned folds and faults, which 
are opposite to the almost exclusively SW-verging Dinaridic 
structures. VLAHOVIĆ et al. (2012) proposed a new term for 
these massive carbonate breccia occurrences; the Velebit 
breccia, as the largest and most visible breccia outcrops can 
be observed on Velebit Mt. and the area around it (as previously 
referred to more than hundred years ago as the Grey Breccia 
of Velebit by SCHUBERT, 1920a, b). This term was proposed 
to replace the original term Jelar deposits (and other derived 
terms, including the Jelar formation, Jelar beds or Jelar 
breccia), which beside breccia in the original description also 
included limestones and marls, especially since the type 
locality cannot be found on most topographic maps and a large 
part of the Jelar hill area near Kosinj is composed of tectonised 
limestones rather than carbonate breccia.

KORBAR (2009) interpreted carbonate breccias as the 
gravitational infill of deep, narrow extensional troughs formed 
within the regional Velebit Mt. anticline hinge zone, that were 
contemporaneously filled during extension with breccia 
deposits that originated from collapsed successions above the 
inferred detachments.

LACKOVIĆ (1993), STROJ (2004) and STROJ & VELIĆ 
(2015) explored breccia occurrences within deep speleological 
objects (Lukina jama–Trojama and Velebita cave systems), 
mapping breccias down to depths between 400 to 980 metres 
beneath the surface.

The recent study of massive carbonate breccia occurrences 
in the External Dinarides was presented by MATEŠIĆ et al. 
(2023), documenting that on the island of Krk, breccia deposits 
were partly accumulated in fresh-water environments, with 
indications of local fluvial transport. BALLING et al. (2023) 
differentiated occurrences of two carbonate breccia belts 
within the Velebit area as a result of breccia structural position: 
i) the mostly polymictic carbonate breccia belt (they referred 
to it as the Velebit breccia after VLAHOVIĆ et al., 2012), that 
unconformably overlies Jurassic–Cretaceous bedrock on the 
SW slopes of Velebit Mt., and ii) monomictic breccia (referred 
to as the Jelar breccia) occurring along the NE Velebit Mt. 
margin and Lika Plateau which overlie Cretaceous carbonates 
at the surface. However, KORBAR (2025) commented that 
both types of breccia are probably of the same genesis, as well 
as those along the Dabarski kukovi, and that they all differ 
from breccia cropping out in eastern Lika (upper stream of 
Una River, BAHUN, 1985).

BALLING et al. (2023) also interpreted occurrences of 
carbonate breccias along the Dabarski kukovi in Central 
Velebit Mt. as fault monomictic cataclastic breccias, composed 
of reworked Upper Jurassic clasts, formed exclusively within 
the footwall of the regional Brušane–Oštarije fault. However, 
our studies in the area documented that besides the cataclastic 
breccia predominantly composed of Upper Jurassic clasts, 
derived from the neighbouring limestones, along the Dabarski 

kukovi there are also common findings of polymictic breccias 
with sporadic conglomerate lenses, comprising Upper Creta­
ceous and Palaeogene clasts, which is clear evidence that the 
majority of the breccia actually represent the TCB described 
here, and only further documents their complexity.

Our recent investigation of the TCB in different areas of 
the Hrvatsko primorje including the Kvarner islands, Velebit 
Mt. and Lika, helped us to recognise specific structural and 
petrological properties which further complement the detailed 
breccia description provided by VLAHOVIĆ et al. (2012) for 
breccias on the Velebit Mt. That said, within the studied 
breccias and genetically related tectonised limestones (less 
often dolomites), there is a significant diversity in grain 
composition, the quantity and characteristics of the matrix, 
sporadic presence of lenses of fine-grained deposits, sandstones 
or conglomerates. They may be found in different structural 
positions, and with specific contacts with neighbouring car­
bonate units (e.g., usually inclined to vertical gradational contact 
with transitional zones between homogenous carbonates and 
the TCB, in places tectonic contacts).

3. MATERIALS AND METHODS
3.1. Structural mapping and data analysis
This study of the structural relationships and Tectogenic 
carbonate breccia properties in the Northern Velebit area was 
carried out from 2019 to 2023 as part of the scientific research 
funded by the Public Institution Northern Velebit National 
Park. Extensive geological and structural investigations 
resulted in data collection from 533 field locations (Fig. 3; 
Suppl. S1), along the eight geological profiles (58.7 km length 
in total; Fig. 2). Geological and structural data were 
georeferenced using ESRI ArcMap GIS software; the field 
data collection included detailed lithological descriptions, 
measurements of the bedrock planar/linear geometric 
properties, as well as bedding and associated fracture system 
measurements. The database also included measurements of 
outcrop-scale fault geometric properties and kinematic 
indicators, which were of special interest due to their 
importance in understanding structural relationships between 
mapped units and their kinematic history.

The collected dataset of bedding, foliation, fracture 
systems and faults comprised 137, 53, 397 and 68 measurements, 
respectively. At the local scale, visible fold axes orientations 
were determined. Collected structural data of bedding, 
foliation and fracture system orientations were analysed with 
the Stereonet v.11 software (ALLMENDINGER et al., 2011; 
CARDOZO & ALLMENDINGER, 2013).

For measured bedding, foliation and fracture systems 
data, average orientation planes were calculated graphically, 
using the most common data orientation, within a 10% area 
coverage domain. Fracture system analysis incorporated 
contour plot constructions of the fracture pole distribution, 
using the 1% area contour method (ALLMENDINGER et al., 
2011; CARDOZO & ALLMENDINGER, 2013). Contour plot 
distribution, i.e. frequency distribution, was used to determine 
representative fracture sets in the studied domains.

Determination of fault kinematics was based on the 
geometric properties data (i.e. dip direction, dip angle) of fault 
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planes and their kinematic indicators, i.e. slickenside orien­
tations defined by azimuth direction and plunge, and the sense 
of movement (DOBLAS, 1998). As a result, based on the kine­
matic criteria, measured faults and shear planes were analysed 
and processed by TectonicsFP v. 1.7.9 software (ORTNER et 
al., 2002), with their separation into kinematically compatible 
fault groups. Using the P–T axis method, theoretical maximum 
(σ1), mean (σ2) and minimum stress axes (σ3) were further 
calculated (TURNER, 1953; MARRETT & ALLMENDINGER, 
1990), while the synthetic focal mechanisms were calculated 
using the Right Dihedra Method (ANGELIER & MECHLER, 
1977) available within the TectonicsFP v. 1.7.9 software.

3.2. Geological mapping and sampling along  
the profiles
Geological mapping and breccia sampling within the Northern 
Velebit National Park and surrounding area was mainly 
performed along the existing mountain trails and pathways, 
due to extremely rugged and highly dissected karstic terrains 
that prevail in the mountainous area. Study included mapping 
along the eight geological profiles with a total length of 58.7 
km (Fig. 2; Table 4).

Beside the structural measurements, detailed geological 
mapping along profiles incorporated i) identification of normal 
and tectonic boundaries between the different units along the 
profiles, ii) study of lithostratigraphic units spatial extent along 
the profiles, with a special interest in the distribution of 
Tectogenic carbonate breccia (TCB; in Croatian literature 
usually referred to as Jelar/Velebit breccia), and iii) recognition 

of different lithotypes within the tectonised limestones and the 
TCB (Fig. 4).

Among the collected rock samples, 53 were cut into thin 
slabs (Fig. 3; for detailed locations see Suppl. S2). Prior to the 
preparation of microscopic slides, the slab surfaces were poli­
shed and documented using scanner and/or SONY α7 IV 
camera equipped with a LAOWA 100 mm Ultra Macro lens, 
offering a maximum magnification ratio of 2x. For micropetro­
graphic observations, standard petrographic thin-sections of 
30 μm thickness were prepared, some of which were stained 
with Alizarin Red S to distinguish between calcite and 
dolomite components.

The petrographic descriptions of thin-sections were based 
on the proportion and relationship between the cement, matrix 
and clasts, the diversity in composition, age and size of the 
clasts, their arrangement and sorting, the shape of the clasts 
(roundness/sphericity), the type of material between clasts 
(matrix/cement) and its characteristics, as well as the presence 
and distribution of fractures and pressure-dissolution features 
(stylolites/dissolution seams).

Based on field observations and detailed sample analyses, 
classification of tectonised and brecciated rocks in the study 
area included the following lithotypes: i) intensely fractured 
limestones, ii) crackle/mosaic carbonate breccias (cf. MORT & 
WOODCOCK, 2008; WOODCOCK & MORT, 2008; FLUDE 
et al., 2025), iii) monomictic carbonate breccias, iv) polymictic 
carbonate breccias (matrix-supported or clast-supported), and 
v) carbonate conglomerates and breccia-conglomerates.

Figure 3. Map of the study area with field locations and sampling site locations on the left. For sampling site location coordinates see Suppl. S2. Geological 
mapping, rock sampling and structural measurements were performed along eight geological profiles, at 533 field locations. The yellow polygon outlines 
the Northern Velebit National Park area. The figure to the right shows representative intensively karstified landscape of breccia within the central part 
of the National Park area (slope of Gromovača peak – 1676 m a.s.l.), along the Premužić hiking trail (Field location SV-117; 44.787°N, 14.987°E).
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4. RESULTS
4.1. Analysis of measured bedding, foliation  
and fracture systems
Structural measurements within the Northern Velebit National 
Park were mostly conducted within the area covered by 
Tectogenic carbonate breccia (TCB, in approximately 360 field 
locations), while measurements within the Mesozoic carbonate 
complex were conducted in approx. 170 field locations. Beside 
the characteristic karstic landforms (e.g., sinkholes, dolines, 
karrens, grikes, poljas, valleys, caves, etc.), the studied terrain 
is very dissected, being characterised by systematic fracture 
systems that caused formation and selective erosion of the 
bedrock.

A total of 137 measured strata (bedding planes) within 
Mesozoic carbonates indicate folded structures dipping mostly 
towards the E and W, with an average dip angle between 23° 
and 44° (see Table 2; Figs. 4, 5). Measured bedding orientations 
indicate gentle folds (interlimb angles between 100 and 130°), 
characterised by subhorizontal fold axes trending predomi­
nantly N–S, locally NNW–SSE (see Table 2; Fig. 5). The pre­
valence of N–S (locally NNW–SSE) trending fold axis 
orientations suggests a relatively uniform long-term stress field 
within the study area which enabled fold formation and preser­
vation, without evidence of possible rotation or translation 
caused by a secondary tectonic overprint.

The measured fracture data set composed of 397 mea­
surements suggests the existence of six main fracture systems 
in the studied area (Table 2; Fig. 5). All fracture systems are 
characterised by a general N–S strike deviating either towards 
the NE or NW. The dominant Fs1 discontinuities (58 data) are 
characterised by subvertical orientation, with fractures 
striking N–S (Figs. 4, 5). Fracture systems Fs2 and Fs5 as well 

as Fs3 and Fs4 behave as conjugate fracture pairs. Fs2 and Fs5 
(22 data points) combine NNE–SSW striking discontinuities 
dipping either towards the WNW or the ESE at an average dip 
angle of 48° and 61° respectively (see Table 2; Fig. 5). Fracture 
systems Fs3 and Fs4 (33 data) however, combine N(NNW)–
S(SSE) striking discontinuities dipping either towards the W 
or the ENE at an average dip angle of 35° and 66° respectively 
(see Table 2; Figs. 5, 6a). Similar to the Fs1, fracture system Fs6 
(41 data) shows subvertical geometry, characterised by a NE–
SW strike (see Table 2; Fig. 5). All the identified fracture 
systems, characterised by a generally N–S strike, subvertical 
geometry and conjugate relationships, imply their structural 

Figure 4. Upper Jurassic fossiliferous limestone cropping out along the 
P6 profile (for position see Fig. 2) within the southwestern section of the 
Northern Velebit National Park (Field location SV-249; 44.710°N, 14.955°E) 
with bedding orientation of 278/45 (dip direction/dip angle) deformed by 
N–S striking subvertical fracture system.

Table 2. Average orientations of the measured bedding, foliation and fracture systems in the Northern Velebit National Park and surrounding area, and 
number of data in each set.

Strata bedding Data
Dip direction Dip angle

Strike
(°) (°)

S01 22 268 44 178–358

S02 20 275 27 5–185

S03 15 94 23 4–184

S04 10 73 35 163–343

Foliation Data
Dip direction Dip angle

Strike
(°) (°)

S1 9 172 47 82–262

S2 5 325 26 55–235

S3 8 321 16 51–231

S4 7 96 33 6–186

Fracture system Data 
Dip direction Dip angle

Strike
(°) (°)

Fs1 58 – – 0–180

Fs2 13 283 48 13–193

Fs3 6 276 35 6–186

Fs4 27 72 66 162–342

Fs5 9 100 61 10–190

Fs6 41 – – 36–216
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Figure 6. (a) Upper Cretaceous(?) brownish micritic limestone cropping out along the P3 profile (Fig. 2) within the western part of the Northern Velebit 
National Park (Field location SV-289; 44.776°N, 14.928°E) with bedding orientation of 104/25 (dip direction/dip angle) and NNW–SSE striking subvertical 
fracture system (10/60); (b) Brownish micrite limestone (Upper Cretaceous(?)) along the P3 profile at the Field location SV-296; 44.766°N, 14.986°E).

Figure 5. Bedding orientation with average fold axis, measured foliations and delineated fracture systems with average orientation within the studied 
part of the Northern Velebit National Park and surrounding area. Illustrated with Stereonet software, stereographic projection on the lower hemisphaere.



G
eologia C

roatica
153Matoš et al.: Tectogenic carbonate breccia (Jelar/Velebit breccia) in the Northern Velebit National Park, SW Croatia ...

position within either the hinge zone or fold limbs of the 
existing folded structures.

Fifty-three measured foliations (Table 3; Fig. 5) resulted 
in determination of the ambiguous differentiation and struc­
tural relationships between bedding, fracture systems and the 
presence of fault planes. Measured discontinuities are grouped 
into S1 to S4 subsets according to their geometry. While the 
N–S striking foliation S4 subset dipping towards the E with an 
average dip angle of 33° (Table 2; Fig. 5) may correlate with 
strata bedding or Fs5 fracture system, the NE–SW striking 
foliation S1–S3 subsets dipping towards both the NW and SE 
(Table 2; Fig. 5) may correspond to the orientation of the 
observed fault groups (Table 2; Fig. 7).

4.2. Fault and palaeostress field analysis
Structural measurements of fault planes were focused on 
identifying fault zones dominating the area of the Northern 
Velebit National Park and the surrounding area comprising 
breccia outcrops. A total of 68 fault plane/shear fracture data 
were collected (Table 3; Fig. 7). Based on fault/shear fracture 
kinematics, geometry and stress field, the measured data were 
organised into three principal fault categories, subdivided into 
fault groups and subsets (Table 3; Fig. 7).

4.2.1. Reverse faults
Reverse fault planes (a total of 14 measurements) were 
separated into RF1 and RF2 fault groups (Table 3; Figs. 7, 8). 
The RF1 group is characterised by two fault subsets: RF1/a 
subset with a general NNE dip direction and average dip angle 
of 62° (Table 3; Fig. 4) and the RF1/b subset that dips towards 
the SE at an average dip angle of 40° (Table 3; Fig. 7). The 
second reverse fault group RF2 is composed of subsets striking 
generally N–S (Fig. 8), with local deviations towards the 
NNW and NNE. The RF2/a subset dips towards the W, with 
an average dip angle of 58°, while its conjugate pair the RF2/b 

subset is composed of planes dipping towards the ESE with an 
average dip angle of 36° (Table 3; Fig. 7).

Results of the palaeostress field analysis suggest that the 
RF1 fault group is associated with a compressional stress field 
and NNW‒SSE trending P-axis (Table 3; Fig. 5), while the 
RF2 fault group, also formed in a compressional stress field, 
was associated with an ESE–WNW trending P-axis (Table 3; 
Fig. 7). These results, i.e. both the NNW–SSE and the ESE–
WNW oriented compressional palaeostress fields, suggest that 
in the study area both N–S and E–W shortening took place, 
which could also result in the formation of cogenetic folded 
structures geometrically corresponding to the palaeostress 
orientations.

4.2.2. Normal faults
In the study area, extensional stress fields were documented 
by 26 normal fault planes kinematically grouped into NF1 and 
NF2 groups (Table 3; Figs. 7, 8). Group NF1 is characterised 
by N(NW)–S(SE) striking fault planes dipping either towards 
the NE or SW (with an average dip angle of 60° and 44°, 
respectively). Kinematic and stress analyses indicated that 
these 19 measured normal fault planes were formed within a 
stress field characterized by a P-axis steeply dipping towards 
the SE (P-axis orientation is 159/61; Table 3, Fig. 7) and a NE‒
SW trending T-axis which suggests NE–SW extension during 
formation of the NF1 group.

Normal faults of the NF2 group with NE–SW striking 
fault planes are characterised by NW (Fig. 8b) and SE dipping 
fault subsets with average dip angles of 56° (NF2/a) and 40° 
(NF2/b), respectively. Palaeostress field analysis for the NF2 
group indicates that the observed fault planes were formed as 
a result of NW–SE extension, with the P-axis steeply dipping 
towards the SE (130/67; see Table 3) and the subhorizontal 
T-axis trending NW–SE (Table 3; Fig. 7).

Table 3. Mean geometric properties of the fault planes observed in the Northern Velebit National Park and surrounding area with calculated kinematic 
indicators and parameters. Fault planes were grouped on the basis of their geometric and kinematic properties (Fig. 9). Fault types: RF – reverse faults; 
NF – normal faults; SSF – strike-slip faults. Orientations of the P- and T-axes are based on constructed synthetic structural beach-ball diagrams.

Group Subset Data
Dip 

direction 
(°)

Dip angle 
(°)

Pitch (°) Strike (°)
Striation P-axis T-axis

Trend (°) Plunge (°) Trend (°) Plunge (°) Trend (°) Plunge (°)

RF1
RF1/a 4 12 62 73 – 322 52

348 9 234 68
RF1/b 3 148 40 74 – 194 30

RF2
RF2/a 5 264 58 59 – 298 53

278 9 39 74
RF2/b 2 112 36 46 – 80 32

NF1
NF1/a 13 32 60 70 – 83 48

159 61 53 9
NF1/b 6 260 44 46 – 210 32

NF2
NF2/a 5 320 56 68 – 350 50

130 67 331 22
NF2/b 2 164 40 63 – 140 38

SSF1
SSF1/a 9 202 86 6   292 0

337 2 67 2
SSF1/b 5 – – 11 22–202 22 2

SSF2
SSF2/a 5 82 80 14 – 352 0

217 6 308 5
SSF2/b 3 – – 3 82–262 262 10

SSF3
SSF3/a 4 322 82 9 – 236 18

282 3 192 12
SSF3/b 2 54 74 12 – 144 10
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Figure 7. Structural diagrams of fault planes measured in the area of the Northern Velebit National Park and the surrounding area. White quadrants on 
the beach-ball diagrams represent compressional fields while the grey quadrants represent tensional fields. Measured fault kinematics data indicate 
compression, extension and strike-slip motions along the measured faults. RF1 and RF2 – reverse fault groups; NF1 and NF2 – normal fault groups; SSF1, 
SSF2, SSF3 – strike-slip fault groups. The red points, white rectangles, and blue triangles indicate σ1, σ2, and σ3 stress axes, respectively.
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4.2.3. Strike-slip faults
Strike-slip tectonics in the study area are indicated by 28 mea­
sured fault planes. Based on geometric properties and fault plane 
kinematics these faults were subdivided into three principal fault 
groups, SSF1, SSF2 and SSF3 (Table 3; Figs. 7, 8).

The SSF1 group comprises 14 subvertical fault planes (dip 
angles between 86° and 89°), dominantly striking either NNE–
SSW or ESE–WNW. Associated with the NW–SE trending 
P-axis (T-axis trending NE–SW; see Fig. 7; Table 3), this 
palaeostress field resulted in the formation of ESE–WNW 
striking dextral and NNE–SSW striking sinistral faults. The 
SSF2 group is composed of eight subvertical fault planes (dip 
angles between 80° and 89°) with a general N–S and E–W 
strike (see Table 3). This fault group was associated to a 
palaeostress field with the NE–SW trending P-axis (T-axis 
trending NW–SE; see Fig. 7; Table 3) which formed N–S 
striking dextral and E–W striking sinistral faults. The third 
strike-slip fault group, the SSF3, comprises six subvertical 
(dip angles between 74° and 82°) fault planes with a general 
NE–SW and NW–SE strike. These NW- and NE-dipping 
dextral and sinistral faults (see Figs. 7, 8d) were tectonically 
active within the palaeostress field with the ESE–WNW trend­
ing P-axis (T-axis trending NNE–SSW; see Fig. 7; Table 3).

The studied strike-slip fault planes with subvertical 
geometry and generally a N–S and E–W strike, locally 
deviating either towards the NE or NW, were often ambiguously 
covered by slickenside overgrowths. Slickenside overgrowths 

and striations indicate repeated sinistral/dextral reactivation 
which imply re-orientation of the principal stress axes σ1 and 
σ3, possibly within the same stress field. Furthermore, kine­
matic/stress analysis within the study area indicates that the 
SSF1 and SSF2 fault groups were potentially formed in the 
same palaeostress field associated with the general N–S trend­
ing P-axis, which, due to the local stress deviation towards 
either the NNW (SSF1) or NE (SSF2), yielded recurring dextral/
sinistral motions along the faults with similar orientations. 
Kinematic/stress analysis suggests that the observed SSF3 fault 
group with NE- and NW-striking fault planes indicate signi­
ficant palaeostress field re-orientation, from a general N–S 
trending P-axis (as recorded by SSF1 and SSF2 fault groups) 
to a dominantly E–W trending P-axis. This suggests regional 
stress field reorientation combined with structural rotation/
translation of faulted structures within the study area.

In this study, field structural relationships, i.e., cross-cutting 
relationships between the observed fault planes/shear joints, 
suggest structural reactivation and tectonic inversion of 
reverse into normal faults (Fig. 8c), followed by the formation 
of strike-slip faults with both dextral and sinistral movements.

4.3. Geological profiles and structural-stratigraphic 
relationships
Geological mapping was used to study lithostratigraphic units 
within the Northern Velebit National Park and the surrounding 
area, mostly within the area marked as carbonate breccia on 

Figure 8. (a) Reverse fault (F-275/71) measured within the Lower Cretaceous limestone. Striations and slickensides indicate reverse displacement with 
dextral oblique movement (southeastern section of the Northern Velebit National Park, field location SV-90 (44.721°N, 15.055°E); (b) Normal fault (F-
332/65) measured within Lower Jurassic limestone. Striations and slickensides indicate normal displacement with dextral oblique movement (eastern 
section of the Northern Velebit National Park, field location SV-78; 44.777°N, 15.102°E); (c) Structurally reactivated and inverted reverse fault (F-20/64) 
measured as a normal fault within the Lower Jurassic limestone. Striations and slickensides indicate both normal and reverse displacement with discrete 
dextral/sinistral oblique movement (eastern section of the Northern Velebit National Park, field location SV-78; 44.777°N, 15.102°E); (d) Dextral fault (F-
40/68) measured within Middle Jurassic limestone. Striations and slickensides indicate clear dextral movement (eastern section of the Northern Velebit 
National Park, field location SV-83; 44.769°N, 15.051°E)
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the existing geological maps (yellow on Figs. 2, 9). The 
mapping along eight profiles (P1–P8; Figs. 2, 9), showed that 
the study area is lithologically much more complex than 
previously thought. Generally, the E–W and N–S oriented 
P1–P8 profiles indicate that within the area marked as 
carbonate breccia on the existing maps (MAMUŽIĆ et al., 
1969; VELIĆ et al., 1974), a major part is actually covered by 
Upper Jurassic and Cretaceous limestones (and some dolomites), 
another part is covered by different lithotypes of the TCB 
described here and the smallest part by intensely tectonised to 
brecciated Upper Jurassic and Cretaceous limestones (Fig. 9; 
Table 4).

The main scope of this study was the study of the TCB, 
often heavily fractured and tectonised monomictic to poly­
mictic carbonate breccia which is predominantly composed of 
clasts of the surrounding Cretaceous and Jurassic host rocks 
(Fig. 10a). Along the mapped profiles, the TCB locally includes 
clasts of similar but older, cannibalised polymictic carbonate 
breccia, and some small lenses of breccia-conglomerates, 

commonly containing rounded extraclasts of younger rocks 
that today can be found only kilometres or even tens of kilo­
metres from the studied area (Fig. 10b). The presence of con­
glomerates and breccia-conglomerates within the TCB further­
more indicates the presence of small-scale fluvial systems 
within the breccia complex.

Geological mapping along the P1–P8 profiles confirmed 
that approximately two thirds of all profile lengths marked as 
carbonate breccia on the Basic Geological Maps is actually 
composed of tectonically relatively undisturbed Jurassic and 
Cretaceous limestones and some dolomites (Figs. 10c, d; Table 
4). Almost 12% of the area along the studied profiles is covered 
by intensely tectonised and in situ brecciated Upper Jurassic 
and Lower Cretaceous limestones, often representing crackle/
mosaic breccia (Figs. 10e, f) as a gradual transition into the TCB.

The proportion of the TCB studied in this paper varies 
along the individual profiles from 0% to ≈ 58% of the profile’s 
length, with an average value of around 21.5%. TCB’s are usually 
found as 50 to 800 m wide zones along the profiles characterised 

Figure 9. Map of the study area with traces of eight (P1 to P8) profiles along which geological mapping and systematic structural measurements were 
performed. Determined lithostratigraphical units along the profile lines are indicated with colours and described in the legend, while the typical orien-
tations of bedding and fracture systems are indicated with symbols. White bedding symbols, fault traces and fold axes are adopted from the Basic Ge-
ological Maps of the area (MAMUŽIĆ et al., 1969; VELIĆ et al., 1974) and structural data presented in TOMLJENOVIĆ et al. (2017). Dashed black polygon 
outlines the Northern Velebit National Park area, while the yellow polygon indicates the area marked as being covered by carbonate breccia on the ex-
isting Basic Geological Maps of the area (MAMUŽIĆ et al., 1969; VELIĆ et al., 1974).
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by extensively developed karstic landforms (e.g. sinkholes, kars­
tic towers, pits), genetically formed along the dense network of 
N–S oriented steep to subvertical fracture systems locally 
deviating to either NW or NE (Figs. 5, 9; Table 2).

Here it should be noted that the percentages of TCB on 
other potential profiles across the studied area, or other areas 
comprising such rocks, could be significantly different due to 
the very pronounced structural and lithological complexity of 
such areas. Therefore, the presented data should not be taken 
as representative of the entire Velebit Mt. or other areas 
covered by similar rocks in the External Dinarides.

Additionally, it is worth mentioning that the transition 
from both Jurassic and Cretaceous limestones and dolomites 
to TCB in the Northern Velebit area is predominantly gradual, 
in the form of a few to tens of metres wide zones and often 
characterised by a steeply inclined to subvertical geometry. 
This agrees with observations reported by VLAHOVIĆ et al. 
(2012) about the tectonic/stratigraphic emplacement of the 
Velebit breccia within the area of central and southern Velebit. 
Limestones and dolomites are more common E or W of the 
central National Park area characterised by predominantly 
TCB outcrops, and general bedding in such zones is in 

Figure 10. (a) Tectonised polymictic breccia (TCB unit) including clasts of both Jurassic and Cretaceous limestones (central section of the Northern Velebit 
National Park, along the P3 profile, location SV-332; 44.777°N, 14.947°E). (b) A fragment of polymictic breccia-conglomerate (TCB unit) within the predomi
nant tectonised polymictic breccia lithotype (southern section of the Northern Velebit National Park, along the P6 profile, location SV-268; 44.700°N, 
14.938°E). (c) Homogeneous bioclastic Upper Jurassic limestone (central part of the Northern Velebit National Park, along the P3 profile, location SV-469; 
44.779°N, 15.002°E). (d) Brownish, homogeneous micritic Lower Cretaceous(?) limestone (central section of the Northern Velebit National Park, along the 
P4 profile, location SV-512; 44.770°N, 14.989°E). (e) Tectonised Upper Jurassic limestone locally reworked into monomictic breccia (central section of the 
Northern Velebit National Park, along the P4 profile, location SV-493; 44.789°N, 14.986°E). (f) Monomictic breccia composed of locally reworked tectonised 
Upper Cretaceous limestone fragments (southern section of the Northern Velebit National Park, along the P6 profile, location SV-510; 44.769°N, 14.989°E).
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accordance with Jurassic and Cretaceous strata orientation in 
the wider area, as observed on the geological map of the area 
(Figs. 2, 9).

4.4. Lithotypes of intensely tectonised carbonates 
and Tectogenic carbonate breccia
Detailed structural, petrographic and sedimentological obser­
vations, of the genetically related intensely tectonised lime­
stones/dolomites and carbonate breccia rock samples collected 
within the Northern Velebit National Park area (Table 2), 
enabled distinction of five specific lithotypes. Among these, 
two represent intensely tectonised carbonates and three belong 
to the TCB.

The first identified lithotype is composed of intensely tec­
tonised limestones (mostly of Upper Jurassic, partly Cretaceous 
age; dolomites are relatively rare) in which no displacement or 
rotation between clasts along numerous fractures was observed, 
resulting in perfect fitting. Although such outcrops are usually 
characterised by a relatively massive habitus and intense 
tectonic deformation, the original bedding or relics of bedding 
are at least locally still recognisable.

As the intensity of differential stresses progress, the 
aforementioned intensely tectonised limestones gradually 
transition into the second lithotype, a crackle/mosaic carbonate 
breccia (Fig. 11a), in which the individual clasts have experienced 
some minor displacements and rotations at mesoscale/micro­
scale, the rocks are differentially cemented by calcite, but the 
fitting between individual clasts is still mostly clearly recon­
structable. Outcrops of this lithofacies subtype are usually 
massive, since the original bedding is often unrecognisable. The 
intensely tectonised limestones and crackle/mosaic breccia 
lithotypes appear in transitional zones of varying widths (typi­
cally from a few metres to several tens of metres) between 
homogeneous carbonate successions and TCB.

The third recognisable lithotype belongs to the TCB and 
represents a monomictic carbonate breccia (Fig. 11b), com­
posed of clasts of neighbouring carbonate rocks (mostly Upper 
Jurassic dark grey to black coloured limestones). Individual 

breccia clasts are often intensely tectonised, i.e. crosscut with 
extensive white calcite veins. Clast sizes are smaller, mostly 
from millimetres up to 5 cm in size, with only sporadic larger 
ones. The matrix is composed of finely crushed carbonate 
material, which is usually lighter in colour than the clasts (Fig. 
11b). Such monomictic carbonate breccia occurrences are 
structurally/texturally unordered and exhibit clear fractali­
sation.

The fourth lithotype also belongs to the TCB, and it 
represents a polymictic carbonate breccia (Fig. 11c, d), com­
posed predominantly of clasts of neighbouring limestones, but 
mixed with variable amounts of limestone clasts of different 
chronostratigraphic units (which in all documented cases so 
far, are younger than the neighbouring rocks), including clasts 
of the Upper Cretaceous rudist and calcisphaera limestones 
and Palaeogene foraminiferal limestones. Besides the pre­
dominant carbonate clasts, locally minor contributions of 
previously formed monomictic/polymictic breccia fragments 
and small non-carbonate grains (up to a few millimetres) can 
be observed. Clasts of neighbouring rocks are typically up to 
5–10 cm in size, only exceptionally larger. Clasts of younger 
chronostratigraphic units (Upper Cretaceous and Palaeogene) 
are typically coarser, more rounded, and less fractured than 
the predominant clasts of the Upper Jurassic limestones. 
Within this lithofacies subtype, two distinct members which 
cannot be differentiated during geological mapping can be 
distinguished: a rarely present matrix-supported polymictic 
breccia (Fig. 11c) and a more common clast-supported 
polymicitic breccia (Fig. 11d). In the matrix-supported 
breccias, stratification is locally preserved in the form of 
vaguely visible clast grading, while clast-supported breccias 
are generally more massive and chaotic, more tectonised, and 
commonly penetrated by pressure dissolution forms, i.e. 
stylolites and dissolution seams. Similar to the monomictic 
breccia, the polymictic breccia also displays a massive outcrop 
habitus.

The fifth lithotype which also belongs to the TCB is very 
rare, and is composed of lenses of carbonate conglomerates 

Table 4. Geological mapping of the Northern Velebit NP area was performed along eight profiles, P1 to P8. Based on their lithology several informal 
lithostratigraphical units were separated during the mapping (see Fig. 9), shown here grouped into three distinct units. Their mapped surface coverage 
along each profile within the area mapped as breccia on the Basic Geological Maps sheets is indicated with the percentage value. Legend of profile names: 
P1 – Trnovac–Roglić dolina; P2 – Babić-Sića–Gornja Klada; P3 – Velike Brisnice–Livadica; P4 – Zavižan–Rossijeva koliba; P5 – Veliki Lubenovac–Hajdučki 
Kukovi; P6 – Jablanac–Alan; P7 – Kosinj–Vranjkova Draga; P8 – Kosinjski Bakovac–Mračaj.

Field profile P1 P2 P3 P4 P5 P6 P7 P8
Cummulative 
profile length

Percentage 
(%)

Total field profile length (km) 1.65 7.12 13.12 3.91 2.96 3.86 11.47 14.58 58.87 100

Profile length within the area 
mapped as breccia in the NP 

Northern Velebit (km)
1.65 5.46 13.12 2.51 2.96 2.86 1.48 13.58 43.62 74.09

Mapped lithostratigraphic varieties within the area marked as breccia along the profiles

Lithostratigraphic varieties
Percentage 

(%)
Percentage 

(%)
Percentage 

(%)
Percentage 

(%)
Percentage 

(%)
Percentage 

(%)
Percentage 

(%)
Percentage 

(%)
Cummulative 
profile length

Percentage 
(%)

Tectogenic carbonate 
breccia (E, Ol) 20.25 28.37 40.53 57.98 7.45 16.59 – – 9.35 21.44

Intensely tectonised to 
brecciated Upper Jurassic 

and Cretaceous limestones
– 6.78 17.42 6.47 41.46 33.03 – 1.2 5.15 11.81

Triassic–Jurassic–Cretaceous 
limestone and dolomite 

succession
79.75 64.85 42.05 35.55 51.09 50.38 100.0 98.8 29.12 66.75
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and breccia-conglomerates (Fig. 11e), spatially very restricted, 
both vertically and laterally. This lithotype has only been 
identified along the P6 profile (Figs. 9, 10b), within the SW 

part of the Northern Velebit National Park. Conglomerates are 
mainly composed of clasts originating from younger chrono­
stratigraphic units, Upper Cretaceous micritic to bioclastic 

Figure 11. Brecciated limestones and TCB lithofacies subtypes: images on the left are polished slabs, images on the right are thin-section photomicro-
graphs. (a) Crackle/mosaic breccia composed of sharp-edged clasts cemented with calcite (sample SV-2-19). (b) Monomictic breccia containing darker 
and lighter clasts of the Upper Jurassic limestones (sample V2-13). (c) Clast-supported polymictic breccia composed mostly of Cretaceous clasts and 
orange-coloured matrix, with stylolitic contacts along clast edges (sample SV-21-19). (d) Matrix-supported polymictic breccia with darker Upper Juras-
sic clasts and lighter, probably Cretaceous clasts, with rare non-carbonate grains in a fine-grained matrix (sample V2-9). (e) Polymictic conglomerate 
composed of Cretaceous and Palaeogene pebbles cemented with calcite with rare quartz grains (sample SV-15-21). Figures b–e represent TCB.
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rudist limestones and calcisphaera limestones and Palaeogene 
foraminiferal limestones. The conglomerate and breccia-
conglomerate lithotype is in places characterised by clearly 
visible stratification marked by gradation or subparallel 
orientation of elongated clasts, and locally planar discontinuities 
resembling bedding planes. The clast dimensions are usually 
up to 10 cm, but in places larger clasts have been observed. 
Clasts are mostly cemented by calcite.

5. DISCUSSION OF THE STRUCTURAL  
EMPLACEMENT OF THE TECTOGENIC  
CARBONATE BRECCIA OUTCROPS IN  
THE NORTHERN VELEBIT AREA
The tectonic evolution and complexity of the structural 
emplacement of the Velebit Mt. structure within the External 
Dinarides has been a research subject for decades. Although 
it was finally tectonically uplifted during the Middle Eocene–
Oligocene due to the Adria Microplate–Euroasian Plate 
collision, the mechanisms and responsible cogenetic fault 
systems have not been unambiguously defined. BAHUN (1974), 
TARI KOVAČIĆ & MRINJEK (1994) and PRELOGOVIĆ et 
al. (1995, 2004) suggested Eocene–Oligocene uplift along the 
supposed NE-dipping Velebit reverse fault, which was 
presumed to lie in the Velebit Channel between the Velebit Mt. 
and the islands of Rab and Pag. KORBAR (2009, 2025) 
considered that cogenetic tectonic uplift of the Velebit anticline 
was caused by the subvertical NE-dipping Cenozoic dextral-
reverse fault, which during the Neogene accommodated the 
final Velebit uplift due to the dextral escape tectonics. The 
most recent tectonic scenario proposed by BALLING et al. 
(2021b, 2023) quantitatively documented formation of the 
Velebit Mt. monocline (see VFZ in Fig. 1), in the hanging wall 
of the SW-dipping Lika passive backthrust. These authors 
concluded that the Velebit uplift commenced within an 
Eocene–Oligocene timeframe, along from Mesozoic inherited 
and tectonically inverted NE-vergent backthrusts (see 
geological profile CVP in Fig. 1), that accommodated at least 
44 km of horizontal shortening. All three scenarios, though 
kinematically different, describe exhaustive faulting and 
folding of the Velebit Mt., followed by intense cogenetic brittle 
deformation and brecciation of the Mesozoic–Palaeogene 
predominantly carbonate complex, which yielded formation 
of the TCB complex.

Due to the extent of Velebit of almost 150 km, this breccia 
study focused only on the NW portion of the Velebit Mt., 
mostly within the Northern Velebit National Park (Fig. 2). 
Although massive TCB outcrops often cover tectonic contacts 
within the study area, geological mapping and detailed 
structural investigations clearly indicate the polyphase tectonic 
evolution. Within the intensively karstified Velebit landscape, 
bedding measured in Jurassic and Cretaceous carbonate rocks 
suggests a prevalence of folded structures characterised by 
gentle folds and N–S (locally NNW–SSE) trending sub­
horizontal fold axes (see Figs. 5, 12), formed under an E–W 
(ENE–WSW) oriented compressional/transpressional stress 
field. The presence of gentle folds with interlimb angles of 
between 100° and 130° within the Velebit Jurassic–Cretaceous 
carbonate complex, suggests the prevalence of stable and 

relatively low-rate stresses in the area, without subsequent 
rotation or translation of the folded structures.

At the same time, several hundred measured fracture data 
within the Jurassic–Cretaceous carbonates and the TCB com­
plex (Fig. 5), provided evidence of carbonate brittle deformation 
coeval with fracture system formation, which enabled 
subsequent intense karstification and landscape formation 
(STEPIŠNIK et al., 2019 and references therein). The fracture 
system analysis identified six dominant fracture systems 
mostly striking N–S or slightly deviated either toward the NE 
or NW. Characterised by their steep geometry (dip angles 
between 48° and 66°, see Table 3), the delineated fracture 
systems are mostly concentrated in the central part of the study 
area (Fig. 9), subparallel to the ≈3 km wide hinge zone of the 
Northern Velebit anticline (Fig. 12).

Kinematic and stress analysis of the mapped fault planes 
structurally subparallel to the observed fracture systems, 
suggested differential stresses within the study area. Based on 
stress analyses of the kinematically defined fault groups, 
potentially two compressional phases have been identified 
within the study area, associated with either NNW–SSE or 
ESE–WNW oriented compression (Figs. 7, 8). Both contrac­
tional phases, though with slightly different orientations of the 
P-axis, most likely occurred during the Palaeogene, due to the 
generally N–S oriented Adria Microplate–Eurasian Plate col­
lision (KASTELIC et al., 2013; USTASZEWSKI et al., 2014; 
SCHMID et al., 2020). Furthermore, ESE–WNW oriented 
compression probably caused formation of N–S (NNW–SSE) 
striking folds in the study area (Fig. 5). Either cogenetic with 
the compressional phases or following closely after, 26 mapped 
normal faults (Fig. 7) suggest stress field perturbation, causing 
NE–SW and NW–SE oriented extension of the Northern 
Velebit area. These extensional structures with similar 
orientations and geometry to the already existing reverse faults 
(see Fig. 7) suggest potential tectonic inversion of the 
previously formed reverse faults in the area, which enabled 
gravitational collapse and structural relaxation of the Northern 
Velebit anticline. Extensional structural collapse, common in 
the orogenic systems (e.g., TAVANI et al., 2012), has already 
been reported in the NW Dinarides, e.g. in the Vinodol valley 
and Bakar Bay area, NW of the Northern Velebit, where 
PALENIK et al. (2019) observed normal faulting as a result of 
NE–SW, E–W and NW–SE extension within the Cretaceous–
Palaeogene folded succession.

Polyphase tectonics of the Northern Velebit area is 
furthermore documented with measured N–S and E–W 
striking strike-slip faults, which are characterised by both 
dextral and sinistral kinematics, i.e., repeated structural reac­
tivation due to the local stress field perturbation (Figs. 7, 8). 
Combined cross-cutting relationships, slickenside/striation over­
growths and both sinistral and dextral movement indicators 
(Table 4), suggest general NW–SE/NE–SW and ESE–WNW 
oriented transpression/transtension in the Northern Velebit 
area, which commenced within a post-Palaeogene timeframe 
(TOMLJENOVIĆ et al., 2017; PALENIK et al., 2019), and is 
active up to recent time as the N–S oriented stress field in the 
Kvarner–Velebit area (see FMS-DATABASE, 2019; HERAK 
& HERAK, 2018).
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The complexity of repeated structural reactivation of fault 
and fracture systems, their tectonic inversions and cogenetic 
deformations, within the framework of the folded structure of 
the Northern Velebit area, from the Palaeogene (–Early 
Miocene?) to post-Early Miocene time, undoubtedly affected 
the Jurassic–Cretaceous succession in the area, especially in 
the intensely folded areas (Fig. 12). In these areas, the Jurassic–
Cretaceous carbonate rocks progressively transition into 
intensely tectonised limestones, (rarely dolomites) and crackle/
mosaic carbonate breccias, and finally into monomictic to 
polymictic carbonate breccias. Probably most of huge number 
of clasts derived by very intense tectonic activity resulting in 
brittle deformation of a thick succession of carbonate rocks, 
formed rockfall deposits infilling the highly dissected palaeo­
relief after typically short transport, and part of the material 
was further moved by other mass movement processes includ­
ing grain flows and debris flows. Such exclusively locally derived 

clasts originating from neighbouring carbonate rocks formed 
typical monomictic carbonate breccias. Polymictic breccia are 
characterised by variable clast composition due to either litho­
logically different host rocks cropping out along the zone of 
TCB, or the occasional input of carbonate clasts derived from 
relatively distant areas (such clasts are often coarser and more 
rounded than locally derived clasts), due to the temporary 
activity of small-scale high-energy fluvial systems characte­
rised by the strong discharge of material from weathered 
uplifted areas. Occasional surges of large quantities of fresh 
water may also explain rare records of small outcrops of fine-
grained pond or lacustrine deposits within the TCB. All types 
of TCB are characterised by very strong lithification, which 
usually results in their enhanced resistance to weathering in 
comparison to neighbouring limestones, therefore commonly 
showing positive relief. Lithification was promoted by long-
lasting circulation of waters oversaturated in respect to calcium 

Figure 12. SW–NE oriented Northern Velebit Profile based on geological maps of the studied area (MAMUŽIĆ et al., 1969; VELIĆ et al., 1974) and struc-
tural/stratigraphic data collected along the P1–P8 profiles in the Northern Velebit National Park and surrounding area. Structural relationships and TCB 
emplacement in the area are represented by a schematic model of the fault-related fold with spatial distribution of cogenetic fracture systems. Fracture 
systems and fault types are defined according to the strain distribution in the fold hinge zones and its limbs. BFZ – Bakovac Fault Zone, KPF – Krasno 
Polje Fault. Schematic model and strain distribution model modified after RAMSAY & HUBER (1987), TWISS & MOORES (1992), and LI et al. (2018).
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carbonate due to the intense karstification in the near-surface 
zone, during the prolonged subaerial exposure of a tectonically 
deformed rock complex, composed of carbonates and a huge 
number of tectonically derived carbonate clasts.

Geological mapping along the eight profiles within the 
Northern Velebit area (Figs. 2, 3, 9), show considerable 
structural and textural lithological differences within the area, 
that according to the available geological maps should be 
predominantly composed of carbonate breccias (Figs. 2, 9; see 
MAMUŽIĆ et al., 1969; VELIĆ et al., 1974). Based on geo­
logical mapping along the profiles, we differentiated large areas 
composed of homogenous Jurassic and Cretaceous carbonate 
rocks, and less spacious outcrops of five lithotypes charac­
terised by intense tectonic influence, from intensely tectonised 
limestones, crackle/mosaic carbonate breccia, to monomictic 
and polymictic carbonate breccia and rare carbonate 
conglomerates and breccia-conglomerates (Figs. 9–11). Field 
observations suggested that most transitions between litho­
types are gradual, but mostly steep to subvertical. Most of the 
monomictic and polymictic breccia and breccia-conglomerates 
crop out in the central part of the Northern Velebit National 
Park area (Figs. 9, 12), while intensely tectonised limestones 
and crackle/mosaic breccia dominantly cover the eastern and 
western portions of the study area, where the TCB complex 
transitions into less tectonised Upper Jurassic and Cretaceous 
carbonate successions (Fig. 9). Detailed geological mapping 
along the P1–P8 profiles, suggested that only 0 to 58% of the 
individual profile lengths (approximately 21.5% on average), 
marked as carbonate breccia on Basic Geological Maps is 
actually composed of TCB, i.e. monomictic to polymictic 
carbonate breccias, with rare lenses of carbonate conglo­
merates and breccia-conglomerates (Table 4). Such a consi­
derable discrepancy between breccia area represented on sheets 
of the Basic Geological Map and the results presented here, 
may be caused by i) better outcrop accessibility along the newly 
built/opened trails in the area, and ii) much more detailed and 
very time-consuming field work along profiles specifically 
focused on lithological composition along the profile lines. 
During geological mapping campaigns for the Basic Geological 
Map, entire zones between the first and last occurrence of 
massive breccia along the profiles made perpendicular to the 
profile strike were marked as carbonate breccia due to the very 
complicated relationships characterised by frequent lithological 
changes, mostly unrecognisable lithology on the weathered 
rock surface, as well as a very restricted time available for 
mapping. Therefore, areas marked as carbonate breccia on the 
Basic Geological Maps in 1:100,000 scale should be generally 
considered only as being partly composed of TCB and accom­
panying intensely tectonised and brecciated carbonate rocks, 
while a significant part is probably composed of host rocks, 
mostly limestones and dolomites of different stratigraphic 
ages, as in other parts of the External Dinarides.

The conducted geological and structural investigations 
indicate that spatial occurrences of TCB are mostly related to 
the hinge zone of the NE-verging Northern Velebit anticline 
structure, characterised by the deep and dense network of 
NW–SE striking fracture and fault systems (see STROJ & 
VELIĆ, 2015 for details). Both are tectonically associated with 

the NNW–SSE striking subvertical fault, a terminal fault 
strand of the regional NW–SE striking dextral Bakovac Fault 
Zone (see Figs. 2, 12). Furthermore, in respect to the observed 
fault kinematic properties, fracture systems and variable 
tectonised to brecciated rocks within the Northern Velebit 
area, we may conclude that Palaeogene (–Early Miocene?) and 
post-Early Miocene tectonic activity resulted in prolonged and 
recurring hydraulic fracturing, cataclasis and brecciation, with 
continuous in situ cementation and grinding of sharp angular 
clasts. Those processes enabled continuous and long-lasting 
surface and subsurface production of TCB in the area, both 
monomictic and polymictic, having the surrounding fractured 
carbonates and partly pre-existing breccia deposits as a source 
material (see STROJ & VELIĆ, 2015 for details). Rare 
occurrences of carbonate conglomerates and breccia-conglo­
merates (Figs. 10b, 11e) within the TCB deposits suggest a 
highly dissected landscape at the time of deposition, probably 
characterised by the occasional influence of small-scale fluvial 
systems of high energy and strong discharge. The presence of 
TCB occurrences along the SW and NE slopes of the Northern 
Velebit structure (Fig. 12), out of the hinge zone, adds to the 
breccia formation complexity in the area, and may indicate 
that at least part of the breccia deposition could be caused by 
gravitational redeposition processes. Here, we documented 
that TCB occurrences are related to the NE-verging Northern 
Velebit anticline and intense NW–SE striking fracturing and 
faulting along the NNW–SSE striking subvertical fault (fault 
strand of the NW–SE striking dextral Bakovac Fault Zone; 
Fig. 2), which supports a view that massive occurrences of the 
TCB in the External Dinarides (known in Croatian literature 
as Jelar/Velebit breccia) represent a unique regional lithofacies 
found exclusively along the NE-vergent structures, exactly the 
opposite to most of the structures in the External Dinarides 
characterised by SW oriented tectonic transport (VLAHOVIĆ 
et al., 2012; BALLING et al., 2021b, 2023). This cogenetic 
relationship further proves the complexity of collisional 
processes along the eastern Adria Microplate margin and 
indicates a need for detailed study of other TCB occurrences 
in the area of the External Dinarides, as well as their tectono-
sedimentological relationships to the youngest Late Eocene–
Oligocene molasse-type Promina beds.

6. CONCLUSION
The Northern Velebit as part of the Velebit Mt. was formed by 
the Palaeogene (–Early Miocene?) collision of the Adria 
Microplate and Euroasian Plate. As part of the External 
Dinarides this ≈150 km long NW–SE striking anticline 
structure composed of a Late Palaeozoic–Mesozoic to middle 
to late Eocene (–Oligocene?) carbonate-clastic succession, is 
partly covered by extensive outcrops of carbonate breccia, i.e., 
Tectogenic carbonate breccia (TCB), which in the Croatian 
literature is known as the Jelar deposits (or Jelar formation, 
Jelar beds, Jelar breccia) or Velebit breccia. In this study, the 
aims were to (i) identify the structural and tectonic properties 
of the Northern Velebit area since breccia deposits were caused 
by intense tectonic processes, and (ii) identify differences 
between different TCB lithotypes and accompanied intensely 
tectonised carbonate rocks with respect to their spatial 
emplacement.
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Results of the structural investigations show that the 
Jurassic–Cretaceous carbonates in the Northern Velebit area 
form a folded structure with a N–S (locally NNW–SSE) oriented 
fold axis, probably formed within the E–W (ENE–WSW) 
oriented compressional/transpressional stress field, during the 
Palaeogene (–Early Miocene?). Being cogenetic with the fold 
structure, most of the observed fracture systems show a N–S 
(locally deviated towards NE or NW) orientation, subparallel 
with the hinge zone of the Northern Velebit anticline. This 
gentle, NE-verging fold is formed in the hangingwall of the 
NNW terminal fault strand of the NW–SE striking dextral 
Bakovac Fault Zone.

Kinematic and stress analysis of the mapped fault planes 
supports the observed structural properties, suggesting poly­
phase tectonic activity. Measured reverse faults suggest the 
prevalence of a compressional phase with either a NNW–SSE 
or ESE–WNW oriented P-axis, while similarly oriented nor­
mal faults suggest stress field perturbation, and NE–SW and 
NW–SE extension within the Northern Velebit area. Both fault 
groups, due to their similar orientations and geometry, suggest 
structural reactivation and potential tectonic inversion which 
from the initial Palaeogene (–Early Miocene?) compression, 
transitioned to post-Early Miocene gravitational extension and 
structural relaxation of the Northern Velebit anticline. Conti­
nuous tectonic activity during the Neogene and Quaternary is 
evidenced by N–S and E–W striking dextral/sinistral faults 
which indicate NW–SE/NE–SW and ESE–WNW oriented 
transpression/transtension.

Identification of the structural emplacement properties of 
the TCB complex was enabled by geological mapping along 
eight profiles. Polyphase tectonic evolution is evidenced by 
sporadic findings of cannibalised older breccia clasts within 
the younger breccia, as well as by the distribution of different 
lithotypes related to polyphase tectonic activity within the 
Northern Velebit anticline, mostly associated to the observed 
subvertical fracture systems. The Northern Velebit area is 
characterised by five lithotypes characterised by the gradual 
transition from the predominant homogenous carbonate rocks 
of various stratigraphic ages to (1) intensely tectonised lime­
stones, (2) crackle/mosaic carbonate breccia, and three TCB 
lithotypes – (3) monomictic carbonate breccia, (4) polymictic 
carbonate breccia, and locally (5) lenses of carbonate conglo­
merates and breccia-conglomerates.

Field observations and geological mapping suggested that 
most monomictic to polymictic breccia outcrops and zones are 
concentrated within the central part of the Northern Velebit 
area, alternating with tectonised limestones and crackle/
mosaic breccia. Towards the NE and SW parts of the study 
area, in the limbs of the Northern Velebit anticline, predominant 
tectonised limestones and crackle/mosaic breccia with rare 
monomictic to polymictic breccia outcrops gradually transition 
into thick successions of less tectonised carbonate rocks typical 
for External Dinarides. With only 21.5% on average of the 
studied profile length (0 to 58% of length along individual 
profiles) covered by the TCB and an additional, almost 12% of 
profile length covered by intensely tectonised and brecciated 
Upper Jurassic and Cretaceous carbonate rocks, it is clear that 
approximately two thirds of the area marked as carbonate 

breccia on the existing geological maps of the study area is 
actually composed of limestones (and less frequently dolo­
mites) of the Upper Jurassic and Cretaceous age. Therefore, 
we suggest that the future geological mapping of the areas 
marked as being covered by breccia on the existing Basic 
Geological Maps of the Velebit Mt. and other areas (e.g. our 
ongoing studies already indicated some previously unknown 
occurrences of TCB in different areas of the External 
Dinarides), should be focused on i) identification of Tectogenic 
carbonate breccia occurrences with all their lithological 
variabilities, ii) determination of their relationship with the 
accompanying intensely tectonised and brecciated carbonate 
host rocks as well as their clear distinction from typical 
Mesozoic limestones and dolomites, and iii) recognition of the 
local tectonic framework resulting in intense tectonic defor­
mation and formation of TCB and accompanied intensely 
tectonised and brecciated carbonate rocks.

Future additional detailed studies of the TCB in different 
areas of the External Dinarides should result in the final 
formalisation of that complex lithostratigraphical unit, using 
either previously used names for such deposits (the most 
common being the Jelar or Velebit breccia), with their com­
bination as probably the best compromise (Jelar/Velebit 
breccia), or any new, better term.
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