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MESOZOIC TECTONOSTRATIGRAPHY OF THE EASTERN ALPS
(NORTHERN CALCAREOUS ALPS, AUSTRIA): A RADIOLARIAN
PERSPECTIVE

MEZOZOJSKA TEKTONOSTRATIGRAFIJA VZHODNIH ALP
(SEVERNE APNENISKE ALPE, AVSTRIJA): RADIOLARIJSKA
PERSPEKTIVA

Hans-Jiirgen GAWLICK, Sigrid tMISSONT', Hisashi SUZUKI?, Spela GORICAN>* & Luis
O'DOGHERTY”

ABSTRACT
Mesozoic tectonostratigraphy of the Eastern Alps (North-
ern Calcareous Alps, Austria): a radiolarian perspective

The topic of the field trip is the Mesozoic geodynamic
evolution in the Western Tethys realm well recorded in
deep-water settings, especially in the radiolarian-bearing
sedimentary rocks and radiolarites in the Eastern Alps
(Northern Calcareous Alps). The well preserved Mesozoic
sedimentary successions deposited in the Northern Calcare-
ous Alps reflect two different Wilson cycles with its moun-
tain building processes:

Evolution of the Neo-Tethys Ocean to the south/south-
east: The Middle Triassic oceanic break-up (Late Anisian)
was followed by the Middle Triassic to Middle Jurassic pas-
sive margin evolution and later by Middle to early Late Ju-
rassic thrusting related to ophiolite obduction and subse-
quent latest Jurassic to Early Cretaceous mountain uplift of
the Neo-Tethys orogen to the south of the todays Northern
Calcareous Alps.

Evolution of the Alpine Atlantic Ocean (named Pen-
ninic Ocean in the Eastern Alps) to the north/northwest:
The Late Early to Middle Jurassic oceanic break-up was fol-
lowed by the Middle Jurassic to Late Cretaceous passive
margin evolution and Late Cretaceous to Palaecogene sub-
duction of the Penninic realm, Palacogene collision and sub-
sequent Neogene mountain uplift with its gravitational col-
lapse (Lateral Tectonic Extrusion) of the Alpine orogen s.str.

For another orogenesis in the “Mid-Cretaceous” (Ap-
tian-Cenomanian), i.e. between these two well recognizable

http://dx.doi.org/10.3986/fbg0096

1ZVLECEK
Mezozojska tektonostratigrafija Vzhodnih Alp (Severne
Apneniske Alpe, Avstrija): radiolarijska perspektiva

Ekskurzija je posvecena mezozojski geodinamicni evo-
luciji zahodne Tetide. Ta je dobro zabelezena v globokomor-
skih okoljih, Se posebej v radiolaritih in drugih radiolarij-
skih sedimentnih kamninah v Vzhodnih Alpah, katerih del
so Severne Apnenis$ke Alpe. Dobro ohranjena mezozojska
sedimentna zaporedja v Severnih Apneniskih Alpah odraza-
jo dva razli¢na Wilsonova cikla z gorotvornimi procesi.

Prvi cikel se nanasa na razvoj oceana Neotetida na jugu
do jugovzhodu. Oceanskemu razpadu v srednjem triasu
(zgornjem aniziju) je sledil razvoj pasivnega roba do srednje
jure in pozneje, v srednji in zgornji juri, narivanje, povezano
z obdukcijo ofiolitov. Na koncu jure in v spodnji kredi se je
dvigal Neotetidin orogen, lociran juzno od danasnjih Sever-
nih Apneniskih Alp.

Drugi cikel je povezan z razvojem oceana Alpski Atlan-
tik (imenovanega Peninski ocean v Vzhodnih Alpah) na se-
veru do severozahodu. Oceanskemu razpadu proti koncu
spodnje jure in v srednji juri je sledil razvoj pasivnega roba
od srednje jure do zgornje krede in subdukcija Peninika v
zgornji kredi in paleogenu. Sledila je kolizija v paleogenu, v
neogenu pa nadaljnje dviganje orogena z gravitacijskim ko-
lapsom (lateralnim tektonskim iztiskanjem) Alpskega oro-
gena sensu stricto.

Obstajajo Se dokazi za orogenezo v “srednji kredi” (ap-
tij-cenomanij) med tema dvema dobro prepoznavnima Wil-
sonovima cikloma, vendar geodinami¢no ozadje te orogene-
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Wilson cycles, the geodynamic background has not been well
explored or explained yet. This “Mid-Cretaceous” orogenesis
draws a veil over the older Mesozoic plate configuration and
has generated controversial discussion about the geodynamic
evolution and palaeogeography in Triassic to Early Creta-
ceous times. However, this orogenesis is not connected to the
Neo-Tethys or the Alpine Atlantic Wilson cycle.

The field trip will focus on Triassic to Early Cretaceous
deep-water, radiolarian-bearing sedimentary rocks deposit-
ed during the geodynamic history of the Neo-Tethys in dif-
ferent basins: rift-basins, shelf areas to continental slope,
oceanic domains, and trench-like foreland basins. Special
emphasis will be on the Jurassic to Early Cretaceous history,
i.e. the geodynamic evolution before the “Mid-Cretaceous”
tectonic motions and the influence of the evolution of two
oceanic domains on the depositional environment above a
drowned Triassic shelf (Apulian or wider Adria plate) be-
tween the Neo-Tethys Ocean to the south/southeast and the
Alpine Atlantic Ocean to the north/northwest.

The geodynamically triggered interplay between carbon-
ate production, siliciclastic/volcanic input and deposition of
siliceous rocks/radiolarites in combination with the asyn-
chrony of basin formation frequently allows the calibration of
radiolarians with e.g., ammonoids, conodonts, calpionellids
and other organisms. Following the Middle Triassic (Late An-
isian) Neo-Tethys oceanic break-up and the demise of shal-
low-water carbonate production, deposition of Middle Trias-
sic (Late Anisian to Ladinian) radiolarian-bearing, mainly
carbonate deep-water sediments is widespread all over the
shelf. Deposition of radiolarites in the Eastern Alps is limited
to the outer shelf/continental slope and the Neo-Tethys oce-
anic domain to the south/southeast. Widespread shallow-wa-
ter carbonate production started again in the latest Middle
Triassic (Late Ladinian) and lasted until the end of the Trias-
sic, interrupted only by short-lasting siliciclastic intervals
(“Mid-Carnian” turnover, Lunz event). In the Late Triassic
huge carbonate platforms were formed. Deposition of Late
Triassic open-marine and radiolarian-bearing sediments is
therefore limited mainly to the outer shelf region and radiola-
rites were deposited only on the Neo-Tethys ocean floor.

In Jurassic times, after the demise/drowning of the Late
Triassic carbonate platform, calcareous siliceous sediments
were again deposited widely. Rifting in the Alpine Atlantic
realm to the north/northwest started in the Early Jurassic
with oceanic break-up occurring from the Early/Middle Ju-
rassic boundary onwards. The opening of the Alpine Atlan-
tic to the north/northwest and, contemporaneously, the
onset of convergence in the Neo-Tethys to the south/south-
east worked in concert with radiolarite deposition culminat-
ing in the Middle Jurassic. Radiolarites were deposited prac-
tically all over the drowned continent except the areas of the
Adriatic Carbonate Platform. Obduction of Neo-Tethys de-
rived ophiolites since the Middle Jurassic led to the forma-
tion of a thin-skinned orogen with the formation of trench-
like foreland basins in front of the advancing ophiolites. In
these basins sedimentary mélanges with a radiolaritic-argil-
laceous matrix were deposited until the early Late Jurassic.
Kimmeridgian-Tithonian shallow-water carbonate produc-
tion on upper surfaces of the nappes restricted radiolarite

FOLIA BIOLOGICA ET GEOLOGICA 63/2 - 2022

ze $e ni dobro raziskano ali pojasnjeno. “Srednjekredna”
orogeneza zakriva starejSo mezozojsko konfiguracijo plos¢,
kar je vzrok za kontroverzno razpravo o geodinami¢nem ra-
zvoju in paleogeografiji od triasa do spodnje krede. Ta oro-
geneza ni bila povezana z Wilsonovim ciklom Neotetide ali
Alpskega Atlantika.

Fokus ekskurzije je na radiolarijskih globokomorskih se-
dimentnih zaporedjih na robu Neotetide od triasa do spodnje
krede. Zaporedja so bila odlozena v razli¢nih okoljih: v riftnih
bazenih, na Selfu in kontinentalnem pobo¢ju, v oceanu in v
predgornih bazenih. Poseben poudarek bo na evoluciji v juri
in spodnji kredi oziroma na geodinami¢nem razvoju pred
“srednjekrednimi” tektonskimi premiki. Poudarjen bo vpliv
razvoja dveh oceanov na sedimentacijsko okolje, ki se je dife-
renciralo, ko se je potopil triasni Self (Apulijska ali $irsa Ja-
dranska plos¢a) med Neotetido na jugu/jugovzhodu in po-
znej$im Alpskim Atlantikom na severu/severozahodu.

Geodinamicna evolucija in medsebojni vplivi med pro-
dukcijo karbonatov, siliciklasti¢nim ali vulkanskim vnosom
in odlaganjem kremeni¢ni sedimentov/radiolaritov v kom-
binaciji z asinhronim oblikovanjem bazenov omogocajo, da
se v dolocenih obdobjih radiolariji pojavljajo skupaj z drugi-
mi organizmi, npr. amonoidi, konodonti in kalpionelidami.
Po razpadu Neotetide v srednjem triasu (zgornjem aniziju)
in prenehanju produkcije karbonatov v plitvi vodi so bili po
celotnem Selfu razsirjeni srednjetriasni (zgornjeanizijski do
ladinijski) radiolarijski, predvsem karbonatni globokomor-
ski sedimenti. Odlaganje radiolaritov je bilo v Vzhodnih
Alpah omejeno na zunanji $elf in kontinentalno pobocje ter
na oceansko obmocje Neotetide na jugu/jugovzhodu. Raz-
$irjena produkcija karbonatov v plitvi vodi se je ponovno
vzpostavila na koncu srednjega triasa (v zgornjem ladiniju)
in je trajala do konca triasa. Prekinjena je bila le s kratkotraj-
nimi siliciklasti¢cnimi intervali (»srednjekarnijski« obrat,
dogodek Lunz). V zgornjem triasu so nastale obsezne karbo-
natne platforme. Odlaganje zgornjetriasnih globokomorskih
sedimentov in sedimentov, ki vsebujejo radiolarije, je bilo
torej omejeno predvsem na obmodja zunanjega Selfa, radio-
lariti pa so se odlagali zgolj na oceanskem dnu Neotetide.

V juri, po potopitvi zgornjetriasne karbonatne platfor-
me, so se s kremenico bogati karbonatni sedimenti ponovno
odlagali na SirSem obmocju. V spodnji juri se je zacel tudi
rifting na severu/severozahodu, ki je na meji med spodnjo in
srednjo juro privedel do oceanizacije Alpskega Atlantika.
Odpiranje Alpskega Atlantika na severu/severozahodu in
socasni zacetek konvergence v Neotetidi na jugu/jugovzho-
du sta hkrati delovala na poglabljanje bazenov na kontinen-
talnem robu, tako da je odlaganje radiolaritov v srednji juri
doseglo visek. Radiolariti so se odlagali tako reko¢ po celo-
tnem potopljenem obmodju razen na Jadranski karbonatni
platformi. Obdukcija ofiolitov z obmocja Neotitide od sre-
dnje jure dalje je privedla do oblikovanja tankoslojnega oro-
gena in nastanka jarkom podobnih predgornih bazenov
pred napredujo¢imi ofioliti. V teh bazenih so se do zacetka
zgornje jure odlagali melanzi z radiolaritno-glinastim vezi-
vom. V kimmeridgiju in tithoniju se je na novo nastalih po-
krovih vzpostavila plitvovodna karbonatna produkcija, ra-
diolariti pa so ostali omejeni na preostale globokovodne
bazene. Zaradi dvigovanja orogena od zgornje jure (od titho-
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deposition to remaining deep-water basins. In the frame of
mountain uplift from the latest Jurassic (Tithonian) on-
wards the palaeotopography becomes overprinted by un-
roofing. Remaining deep-water foreland basins were succes-
sively filled in the Early Cretaceous by the erosional prod-
ucts of the uplifted Middle-Late Jurassic Neotethyan orogen.

During this field trip in one of the most classical areas
of the world, the central Northern Calcareous Alps with its
world-wide known touristic highlights, we will visit loca-
tions documenting the interplay between siliciclastic input,
volcanic activity, carbonate production, various tectonic
motions and deposition of radiolarian-bearing siliceous
rocks to radiolarites.

Key words: Western Tethys realm, Triassic, Jurassic, Ra-
diolarites, Palacogeography

nija) naprej in posledi¢no erozije se je paleotopografija po-
polnoma spremenila. Preostali globokomorski predgorni
bazeni so bili v spodnji kredi drug za drugim zapolnjeni z
materialom, erodiranim z dvignjenega srednje do zgornje-
jurskega orogena Neotetide.

Ekskurzija je speljana po enem najbolj klasi¢nih obmo-
¢ij sveta, osrednjih Severnih Apneniskih Alpah, s svetovno
znanimi turisti¢nimi znamenitostmi. Obiskali bomo lokaci-
je s sedimentnimi zaporedji, iz katerih lahko razberemo
medsebojno povezanost med vnosom siliciklastitov, vulkan-
sko dejavnostjo, produkcijo karbonatov, razli¢nimi tekton-
skimi dogajanji ter odlaganjem radiolaritov in drugih kre-
meni¢nih kamnin z radiolariji.

Kljucne besede: Zahodna Tetida, trias, jura, radiolariti,
paleogeografija

1 INTRODUCTION

Triassic-Jurassic/Early Cretaceous siliceous sedimen-
tary rocks and radiolarites play a crucial role for pal-
aeogeographic and geodynamic reconstructions of the
Western Tethyan realm and occur widespread in the
different orogenic belts around the Mediterranean.
Their deposition is related to two oceanic realms, the
Tethyan and the Atlantic oceanic systems and the con-

tinental realm in between (wider Adria since Jurassic
times with the Eastern Alps as part of it, the field trip
area: Figure 1).

In the eastern Mediterranean mountain ranges
(Eastern and Southern Alps, Western Carpathians,
units in the Pannonian realm, Dinarides, Albanides,
Hellenides) the deposition of Triassic-Jurassic/Early

Figure 1: Tectonic sketch map of the Eastern Alps and field trip area (marked by the red box) in the central Northern Calcareous
Alps (compare Figure 5; after Tollmann 1977; Frisch & Gawlick 2003; modified). GPU Graz Palaeozoic unit; GU Gurktal unit;

GWZ Greywacke Zone; RFZ Rhenodanubian Flysch Zone.

FOLIA BIOLOGICA ET GEOLOGICA 63/2 - 2022
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Cretaceous siliceous sedimentary rocks and radiola-
rites is characteristic for specific stratigraphic levels
(Figure 2). Related to specific events they were depos-
ited widespread in open shelf areas, not only in the
oceanic domains but also in deep-water foreland ba-
sins (Late Jurassic to Early Cretaceous). We discuss
these radiolarite events on basis of the sedimentary
evolution and tectonostratigraphy of the Northern
Calcareous Alps as part of the Eastern Alps (Figs. 3, 4).

Herein follows a brief summary of the most im-
portant tectonostratigraphic and other events and its
effect on the sedimentological record and biological
response for Triassic to Early Cretaceous times. For a
more detailed explanation interested readers are re-
ferred to the publication of GawLick & MissonT (2019)
with references therein.

Rifting in the Neo-Tethys Ocean (= Meliata-Hall-
statt, Maliac, Dinaride, Pindos/Mirdita, Vardar
oceans) began in the Late Permian, the oceanic break-
up followed in the Middle Triassic (Late Anisian) and
intra-oceanic convergence started around the Early/
Middle Jurassic boundary followed by ophiolite ob-
duction and formation of an orogen during Middle-
Late Jurassic (Bajocian to Oxfordian) times (see Gaw-
LICK & MissoNT 2019 for a recent overview, and refer-
ences therein). Rifting in the Alpine Atlantic (= Ma-
gura/Vah, Penninic, Piemont, Ligurian oceans) started
shortly after the Triassic/Jurassic-boundary in the
Middle/Late Hettangian, followed by continental
break-up in the late Early Jurassic (Toarcian), and clo-
sure started in the Late Cretaceous.

Triassic sedimentation in the eastern Mediterra-
nean mountain ranges was triggered by the evolution
of the Neo-Tethys, whereas in Jurassic to Early Creta-
ceous times sedimentation was controlled by both the
evolution of the Neo-Tethys and the Alpine Atlantic.
Whereas in the Eastern and Southern Alps, the West-
ern Carpathians and units in the Pannonian realm,
the Alpine Atlantic has a direct influence on the depo-
sitional record, this influence is minor in the Dina-
rides-Albanides-Hellenides because these areas are
shielded by the Adriatic Platform (ViaHOVIC et al.
2005). Jurassic to Early Cretaceous sedimentation was
therefore controlled by the opening of the Alpine At-
lantic Ocean to the north/northwest (break-up in the
Toarcian: RATSCHBACHER et al. 2004), the partial clo-
sure of the Neo-Tethys Ocean to the south/southeast
from the Early/Middle Jurassic boundary onwards, the
Middle Jurassic to Early Cretaceous mountain build-
ing process related to Middle to early Late Jurassic
ophiolite obduction, and latest Jurassic to Early Creta-
ceous mountain uplift and unroofing (MissoN1 &
GawLick 2011a; GAWLICK & MissoNI 2019; GAWLICK

FOLIA BIOLOGICA ET GEOLOGICA 63/2 - 2022

et al. 2020a and references therein). Whereas the more
southern orogenic belts (Dinarides, Albanides, Hell-
enides) were little affected by the Atlantic related rift-
ing in Jurassic times, the Eastern and Southern Alps,
Western Carpathians and some units in the Pannoni-
an were affected by both events: closure of the Neo-
Tethys to the east/southeast and opening of the Alpine
Atlantic to the north/northwest.

Radiolarites were deposited on the Neo-Tethys
passive margin and as sedimentary cover of the Neo-
Tethys oceanic crust, beginning in the Late Anisian
(GAwLICK et al. 2008; OzsVART et al. 2012). Radiola-
rites are the typical sedimentary rocks deposited (often
accompanied with volcanics) in Late Anisian to Ladin-
ian times in the Dinaride-Hellenide mountain chain
(for a recent review, see GAWLICK et al. 2012a). In con-
trast, radiolarites are only rarely reported from the
Triassic sedimentary shelf successions of the Alpine-
Carpathian mountain belt. In this domain radiolarian-
rich cherty limestones were mainly deposited (Figure
3) and often the radiolarians are recrystallized and/or
not well preserved. The oldest widespread deposited
radiolarites related to the Neo-Tethys Ocean were
formed in Late Anisian to early Late Ladinian times, in
both the Neo-Tethys ocean and in the (distal) passive
margin setting, where the water depth did not exceed a
few hundred metres.

The peak event of radiolarite deposition was in the
Late Anisian (Illyrian), a period characterized by in-
tense volcanism, restricted carbonate production and a
relative high sea-level. The second more short-lasting
radiolarite event followed the demise of the Late Ladin-
ian - Early Carnian shallow-water platform cycle (Wet-
terstein Carbonate Platform) in the Middle Carnian
(upper Julian), but was restricted to not filled intra-plat-
form basins formed between the Wetterstein Carbonate
Platform pattern before they became filled by siliciclas-
tics (e.g. Eastern and Southern Alps, Western Carpath-
ians) (Figure 3). This is in contrast to the southern oro-
genic belts (e.g. Hellenides, Albanides, Dinarides) where
deposition of siliciclastic sedimentary rocks is restricted
to the northern Outer Dinarides. Radiolarites and/or si-
liceous claystones were deposited in the oceanic do-
main, but were sparse in the distal margin. Mid-Car-
nian radiolarites or radiolarian-rich cherty limestones
therefore occur more rarely, but also in in the Dinarides.

The peak of this radiolarite event predates the
“Mid Carnian Pluvial Event” (OGG 2015 and references
therein) and can be related to a sea-level lowstand
(Gostling Formation in the Northern Calcareous Alps
with rich radiolarian faunas - Kozur & MOSTLER
1981). The Late Carnian to Norian is characterized by
carbonate platform formation elsewhere in the West-
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Figure 2: Triassic to Early Cretaceous geological time scale and frequency of radiolarite deposition related to different events in
the sedimentary record of the Western Tethyan realm. During the peak event times spans siliceous sedimentary rocks and radio-
larites were deposited not only in the oceanic domains. They were formed widespread also on the shelf areas in relatively shallow-
water depths (maximum 200-300 m) and in deep-water foreland basins.
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ern Tethys realm (Hauptdolomit/Dachstein Carbonate
Platform) (Figure 3). In the northern orogenic belt the
Rhaetian siliciclastic “Késsen event” decreased the
carbonate production in certain areas and in deepened
lagoons siliceous marls were deposited (Figure 3). In
addition, in the Rhaetian in some areas of the distal
Neo-Tethys passive margin radiolarian-rich sediments
were deposited related to the partial drowning of the

Late Triassic platform due to the increase of siliciclas-
tics and the formation of deep lagoonal areas (e.g. Kos-
sen Basin in the Eastern and Southern Alps, Western
Carpathians).

The final drowning of the Late Triassic platform
around the Triassic/Jurassic boundary is widespread
followed by radiolarite deposition or radiolarian-rich
siliceous marly limestones in the earliest Jurassic distal

Figure 3: Simplified lithostratigraphic table of Triassic Formations in the central Northern Calcareous Alps with some important
tectonostratigraphic events (added after Gawlick & Missoni 2019) and latest Triassic palaeotopography with indication of the
different facies zones. Some important detachment horizons are indicated (Missoni & Gawlick 2011a, b) because of their impor-
tance during Middle to early Late Jurassic nappe stacking and disintegration of the sequence in the course of the northward propa-
gating ophiolite obduction and formation of trench-like foreland basins in front of the advancing nappes filled with sedimentary
mélanges (Figure 4). North-South after present directions. Formations indicated in red will be visited during the field trip.
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passive margin setting and in former deep lagoon  ments, is contemporaneous with the eruption of two
areas (sea-level lowstand to sea-level rise). In the deep  large igneous provinces (Karoo and Ferrar) and the
lagoon grey cherty limestones, rich in radiolariansand ~ break-up of the Alpine Atlantic (NEUMEISTER et al.
spicules, were deposited (Figure 4). The Toarcian black 2015 and references therein), which was contempora-
shale event, with deposition of radiolarian-rich sedi- neous with the onset of intra-oceanic subduction in

Figure 4: Simplified lithostratigraphic table of Jurassic to Early Cretaceous formations in the central Northern Calcareous Alps
(after Gawlick & Missoni 2019) and latest Triassic palaeotopography with indication of the different facies zones. After the drown-
ing of the Late Triassic Hauptdolomite/Dachstein Carbonate Platform, deposition in Early to early Middle Jurassic times followed
the latest Triassic palaeotopography. In the Middle Jurassic the situation changed due to the onset of north-directed ophiolite
obduction. In Middle to early Late Jurassic times the former outer passive margin became imbricated. In front of the northward
propagating thrust belt deep-water trench-like foreland basins were formed and filled with the erosional products from the advanc-
ing nappe stack (= sedimentary mélange formation). During a period of relative tectonic quiescence, the Plassen Carbonate Plat-
form sealed the older tectonic structures before mountain uplift and unroofing started in the Tithonian. This resulted in the step-
wise destruction of the Plassen Carbonate Platform, which became either uplifted and eroded or drowned. During the Early Creta-
ceous the erosional products of the uplifted orogen filled the remaining deep-water foreland basins. Of the different Bathonian to
Oxfordian trench-like basins and the Early Cretaceous foreland basins, we will visit resediments from the whole Triassic to Middle
Jurassic outer continental margin and the Neo-Tethys Ocean. Formations indicated in red will be visited during our field trip.
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the Neo-Tethys Ocean (KARAMATA 2006) and there-
fore easily recognized (sea-level highstand). Strong
Middle Jurassic rifting in the Alpine Atlantic and onset
of ophiolite obduction in the Neo-Tethys resulted in
the Bathonian-Oxfordian radiolarite event with the
peak in the Callovian-Oxfordian (Figure 2). On the
Neo-Tethys-side new trench-like basins began filling
with argillaceous-radiolaritic carbonate-clastic sedi-
mentary meélanges from Bathonian times onwards
(Figure 4). These radiolarites were deposited in a rela-
tive deep-water setting. From the latest Oxfordian/
Kimmeridgian onwards a new carbonate platform pat-
tern was formed on top of the obducted ophiolites and
the rising nappe fronts (Figure 4). Therefore, on the
Neo-Tethys-side intense carbonate production ham-
pered widespread radiolarite deposition from the Kim-
meridgian onwards. In the underfilled foreland basins
between these platforms siliceous limestones with ra-
diolarians were deposited, whereas more to the Alpine
Atlantic-side radiolarites were still formed. In the Ti-
thonian, the uplift and unroofing of the Neotethyan
Belt (M1ssoNT & GawLick 2011a) started with intense

erosion and the foreland basins received more and
more resediments from the northward gliding units
due to unroofing. In the earliest Cretaceous the trans-
port of erosional products to the north was shielded by
the still existing Late Jurassic to earliest Cretaceous
carbonate platform pattern (Plassen Carbonate Plat-
form). In addition, the now blooming calcareous nan-
noplankton in deep-water settings produced micritic
limestones in rock forming quantities and siliceous
marly limestones were deposited. From the Middle/
Late Berriasian onwards, after the final drowning of
the Plassen Carbonate Platform, more and more silici-
clastic material became transported to the north.

In the underfilled foreland basins, intercalated mass
transport deposits in the prograding delta fronts during
sea-level lowstands contain the whole reworked Middle-
Late Triassic radiolarite sequence from the obducted
Neo-Tethys ophiolites and all materials from the ophiol-
itic mélange (KRISCHE et al. 2014). Northward of these
underfilled foreland basins in direction to the outer
southern passive continental margin of the Alpine At-
lantic Ocean, siliceous marls were deposited widespread.

2 THE FIELD TRIP

During the field trip in the Salzburg and Berchtesgaden
Calcareous Alps and Salzkammergut (Figure 5), we will
visit almost the entire Triassic to Early Cretaceous sedi-
mentary history (Figures 3, 4), excepting the Early Tri-
assic, with special emphasis on siliceous sedimentary
rocks and radiolarites. In the Clessinsperre section we
will observe the evolution from an Early to Middle Ani-
sian shallow-marine ramp (Gutenstein to Steinalm For-
mations) to Late Anisian - Ladinian deep-water sili-
ceous limestones (Reifling Formation) followed by the
onset of the latest Ladinian to earliest Carnian Wetter-
stein Carbonate Platform (Figure 3). At Mt. Mehlstein
(optional) we will visit radiolarian-bearing siliceous do-
lomites to limestones of the Gosausee Formation (Fig-
ure 3). The section Mértlbach will provide an Early Ju-
rassic (Hettangian) to Late Jurassic (Oxfordian) succes-
sion (Kendlbach/Enzesfeld Formations to Tauglboden
Formation: Figure 4). In the area of the Mischenirwiese
and at the footwall of Mt. Sandling we will see the San-
dlingalm Basin fill (Bathonian to Oxfordian). Around
Mt. Hochkranz or in the Lammer valley we will visit the
Lammer Basin fill (Callovian to Oxfordian) and in the
Tauglboden valley and the Fludergraben area we will
visit the whole Tauglboden Basin fill (Oxfordian to
Tithonian). The Leube quarry will provide insights in
the latest Jurassic to Barremian sedimentary evolution.
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2.1 Triassic
Clessinsperre near Saalfelden - Middle Triassic

Further reading: GaAwLICK et al. (2021) and references
therein. For radiolarians see Kozur & MoOSTLER (1981)

The Clessinsperre section (P1a 1924), located on
the southern rim of the Steinernes Meer Mts. northeast
of the town Saalfelden (Figure 5), represents the type
locality of the Steinalm Formation (P1a 1930). At the
section Clessinsperre (Ofenbachgraben) a continuous
succession from the early Anisian Gutenstein Forma-
tion, deposited under restricted conditions, to the Late
Ladinian - Early Carnian Wetterstein Carbonate Plat-
form is exposed (Figure 6).

The section in the Ofenbachgraben starts with
dark-grey decimeter-bedded Gutenstein Limestone di-
rectly followed by the light- to medium-grey thick-
bedded Steinalm Limestone. Microfacies characteris-
tics change from dark-grey micritic limestones (Guten-
stein Formation) very poor in organisms to microbial-
dominated medium to light-grey limestones, indicat-
ing a still restricted environment. Other organisms are
very rare in this part of the roughly 70 meter-thick
Steinalm Limestone succession. More open-marine
conditions are only observed in the upper part, and the



GAWLICK, tMISSONI, SUZUKI, GORICAN & O DOGHERTY: MESOZOIC TECTONOSTRATIGRAPHY OF THE EASTERN ALPS

algae and foraminifera-bearing horizon is restricted to
the uppermost part of the Steinalm Limestone (P1a
1912, 1930; WAGNER 1970; OTT, in TOLLMANN 1976),
about one meter below the base of the deepening se-
quence (Figure 6). The algae are moderately preserved
and the assemblage is dominated by Oligoporella spe-
cies.

The highest part of the “Steinalm Formation” con-
sists of shallow-water material with some millimeter-
thick deep-water intercalations, i.e. this part of the
Steinalm Limestone indicates that the decrease in car-
bonate production was not abrupt. These deep-water
intercalations contain filaments, ostracod shells and a
few recrystallized radiolarians. To attribute this part of
the succession to the Steinalm Formation or the Rei-
fling Formation is a matter for discussion. Due to the
appearance of deep-water organisms it should rather
be the base of the Reifling Formation, but the overall
lithology fits better to the Steinalm Formation. The
thin open-marine intercalations are hard to detect and
mostly invisible in outcrops. In fact, it is a transitional

part in the section from the shallow-water Steinalm
Formation s. str. to the deep-water Reifling Formation
s. str., not described to date due to the lack of appropri-
ate sections or simply overlooked. The drowning se-
quence s. str., i.e. the demise of the shallow-water
Steinalm Carbonate Ramp is here represented by deci-
meter-bedded grey siliceous limestones, i.e. the Rei-
fling Formation (ToLLMANN 1976 for details), here
Late Pelsonian in age (GAwWLICK et al. 2021). However,
in the first (Late Pelsonian) beds shallow-water debris
is still common. Above the Early Illyrian ammonoid-
rich horizon (BroiL1 1927; SCHNETZER 1934; ASSERE-
TO 1971) siliceous radiolaria-filament wackestones
predominate. Beside conodonts (GAwLICK et al. 2021
and references therein), new species of well-preserved
radiolarian faunas were described by Kozur & Mo-
STLER (1981).

The age of the Reifling Formation is Late Anisian
to Late Ladinian, dated by conodonts. In the Illyrian
and Late Ladinian intercalations of volcanic ashes are
characteristic. Upsection of these volcanic ash layers,

Figure 5: Satellite image of the central Northern Calcareous Alps (compare Figure 1) with the planned localities (red stars),
which will be visited during this field trip in the Salzkammergut area, the Salzburg and Berchtesgaden Calcareous Alps.
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the first shallow-water resediments of the prograding
Wetterstein Carbonate Platform occur; further upsec-
tion we will see the dolomitized Wetterstein Carbonate
Platform (Late Ladinian to Early Carnian). Due to in-
tense dolomitization, the typical microfacies of the
Wetterstein Carbonate Platform are fore-reef carbon-

ates, but subsequent reefal and back-reefal carbonates
topped by lagoonal carbonates are barely visible. Dolo-
mitization of the Wetterstein Carbonate Platform is a
widespread phenomenon, especially in the Tirolic
Nappe of the Northern Calcareous Alps.

Figure 6: Clessinsperre section north of the town Saalfelden with different formations/ages, modified after Gawlick et al. (2021). In
this section the shallow-marine Steinalm Limestone directly overlies the Gutenstein Formation without intercalated deeper-water
limestones (Annaberg Formation). The lower photo shows the drowning unconformity: thick-bedded to massive Steinalm Lime-
stone overlain by the grey siliceous decimeter-bedded deep-water limestones of the Reifling Formation. The topmost Steinalm
Limestone consists of a mixture of shallow-water material and deeper-water organisms; thin-shelled bivalves (filaments) and
crinoids indicate a rapid deepening in the Late Pelsonian. The upper part shows the Middle-Late Illyrian decimeter-bedded
deep-water siliceous limestones of the Reifling Formation with intercalated volcanic ash layers (bentonites). This part contains in
some layers a relatively rich radiolarian fauna, as described by Kozur ¢ Mostler (1981).
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Mebhlstein - Late Triassic (optional)

The Upper Triassic (Tuvalian to Middle Norian) sedi-
mentary sequence of Mt. Mehlstein is an allochtho-
nous block in the Callovian-Oxfordian sedimentary
Hallstatt Mélange in the Lammer valley (GawLick
1996, 2004). The sedimentary succession consists of
grey cherty limestones and siliceous basinal dolomites
(Figure 7). The grey bedded limestones with chert nod-
ules and chert layers contain only recrystallized radio-
larians, whereas the Norian siliceous and in parts or-
ganic rich basinal dolomites contain relatively well
preserved pyritized radiolarians beside conodonts
(GawLICK & DUMITRICA, in preparation). The prove-
nance area of Mt. Mehlstein is the reef-near facies belt
(Figure 3), which became imbricated since the Callo-
vian. The thickness of the decimeter-bedded grey
cherty limestones is in comparison with the meter-
bedded to massive siliceous dolomites relatively low.
Dolomite formation is interrupted only during the
Late Carnian transgressive cycle and the late Lacian
regressive cycle. Dolomite formation ended in the Late
Alaunian contemporaneous with the culmination of
the late Middle/Late Norian tectonic motions.

2.2 Jurassic

In the Alpine-Carpathian domain the sedimentation
pattern diachronously changed from carbonate to sili-
ceous deposition in the Middle Jurassic (SCHLAGER &
SCHOLLNBERGER 1974). Also the tectonic regime
changed. A characteristic new feature was the forma-
tion of trench-like radiolaritic basins with up to 2000
metres of sediment infill in their south-eastern ocean-
ward parts, characterized by rapid subsidence due to
tectonic load. In contrast, their north-western conti-
nentward edges were characterized by uplift and con-
densed sedimentation or erosion. The derivation of the
resedimented components differs. In the south-eastern
basin group, the material was shed either from the Tri-
assic to Early Jurassic distal, hemipelagic to pelagic
continental margin (Hallstatt and Meliata Zones) or
from the Zlambach facies and the Dachstein reef rim
zone. In contrast, in the north-western basin group the
material was derived from the Triassic to Middle Ju-
rassic lagoonal area (Dachstein and Hauptdolomit fa-
cies zones) (Figs. 4, 5).

Each reconstruction of the Jurassic tectonic move-
ments depends on detailed studies on components and

Figure 7: Generalized Late Triassic sedimentary succession of Mt. Mehlstein in the village Unter Scheffau, modified and comple-
mented after Gawlick (1998). The Norian siliceous bituminous basinal dolomites contain in certain levels relatively well preserved

pyritized radiolarians.
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stratigraphy of the siliceous matrix sediments. The fol-
lowing different carbonate-clastic, radiolaritic se-
quences with characteristic Middle to Late Jurassic
sedimentation in the Northern Calcareous Alps can be
distinguished at the moment (from south to north, ex-
cept the Sillenkopf Basin which represents a remnant
radiolaritic basin between the Larchberg and the Plas-
sen Carbonate Platform):

Florianikogel Basin with the Florianikogel Forma-
tion (Figure 5): Its ?Bajocian to Callovian matrix con-
tains material from the Hallstatt Salzberg and Meliata
facies zones (MANDL & ODREJICKOVA 1991, 1993;
Kozur & MoOSTLER 1992) as well as volcanogenic grey-
wacke layers as erosional products derived from the
Neo-Tethys oceanic crust (NEUBAUER et al. 2007). This
basin fill is similar to the Meliata Formation in the
sense of Kozur & Mock (1985) in the Western Car-
pathians (Kozur & Mock 1997; Mock et al. 1998;
GAwLICK & Mi1ssoNT 2019).

Sandlingalm Basin group with the Sandlingalm
Formation (GAwWLICK et al. 2007a; GAWLICK & MI1sso-
NI 2019 and references therein): These ?Bajocian/Ba-
thonian to Late Oxfordian basins contain only mate-
rial from the Hallstatt Salzberg facies zone and lime-
stones of the Meliata Zone (Potschen Formation with-
out shallow-water material).

Lammer Basin with the Strubberg Formation
(Gawrick & MissoN1 2019 and references therein):
This Early Callovian to Middle Oxfordian basin con-
tains mainly material from the Zlambach facies zone
and the Dachstein Limestone reefs (GAwLICK 1996;
MissoNT & GAwLICK 2011a).

Tauglboden Basin with the Tauglboden Forma-
tion: In this Early Oxfordian to Tithonian basin
(HuckrIEDE 1971; GAwLIcK et al. 2009a) the first
phase of resedimentation started in the Early Oxford-
ian (GAWLICK et al. 2007a) with material derived from
the lagoonal Dachstein Limestone facies zone and
ended around the Middle/Late Oxfordian boundary.
Following a period of tectonic quiescence and low sed-
iment supply in latest Oxfordian to Early Tithonian
the second phase of intense resedimentation had its
climax in Late Tithonian and was accompanied by an
overall extensional regime (MissoNI & GAWLICK
2011a, b). The change from older Triassic to Middle Ju-
rassic clasts in the first phase to clasts of Late Jurassic
reefal sediments in the second phase is characteristic
(STEIGER 1981; GAWLICK et al. 2005).

Rofan Basin with the Rofan Breccia: Resedimenta-
tion started in the Late Oxfordian (GAwLICK et al.
2009a) with material derived from the Hauptdolomit
facies zone (Figs. 5, 6; WACHTER 1987) and prevailed
until the Oxfordian/Kimmeridgian boundary or Early
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Kimmeridgian. By that time the sedimentation
changed to mostly carbonate detritus, derived from a
carbonate platform to the south (Wolfgangsee Carbon-
ate Platform - GAwLICK et al. 2007b).

Sillenkopf Basin: Another type of basin represents
the Kimmeridgian to ?Tithonian Sillenkopf Basin with
the Sillenkopf Formation and components of mixed
palaeogeographic origin (MissonTt et al. 2001). The
spectra of clasts in the Sillenkopf Formation prove the
following provenance areas: A) The accreted Hallstatt
units and an overlying Late Jurassic shallow-water car-
bonate platform, B) a deeply eroded hinterland further
south (probably a part of the crystalline basement of
the Northern Calcareous Alps), and C) an ophiolite
nappe pile probably carrying an island arc (Mi1ssont &
KUHLEMANN 2001; GAWLICK et al. 2015), similar to the
obducted ophiolites which acted as source for radiola-
ritic-ophiolitic mélanges in the Dinaridic/Albanide
realm.

The radiolarite basins A to E were formed in se-
quence, propagating from a south-east to north-west
direction (= from the Meliata to the Hauptdolomit fa-
cies zone), in the time span from the Bajocian to the
Oxfordian/Kimmeridgian boundary. Basins A and C
were accreted and overthrusted, basin B only partly.
Basins D, E, F, and partly B existed in Kimmeridgian
to early Early Tithonian time as remnant basins in be-
tween newly formed shallow-water carbonate platform
areas of the Plassen Carbonate Platform sensu lato,
which was formed since the Late Oxfordian (AUER et
al. 2009).

During this field trip through the central North-
ern Calcareous Alps (Figure 2) we will study, as one
topic, deep-water basin fills with its underlying and
overlying sedimentary successions: Sandlingalm Basin
fill, Lammer Basin fill, Tauglboden Basin fill.

The onset and drowning/demise of carbonate plat-
forms (Plassen Carbonate Platform sensu lato) on top
of the nappe stack and their progradation over the ra-
diolarite basins and the remaining starved deep-water
basins between the platforms is not a topic of this field
trip.

Sandlingalm Basin

This basin fill contains blocks up to kilometre-size, de-
rived exclusively from the Hallstatt Salzberg facies
zone (various coloured Hallstatt Limestone sequence)
and - in rare cases - mixed with components from the
Meliata facies zone (including cherty Potschen Lime-
stone without reefal detritus) in a radiolaritic or radio-
laritic-argillaceous matrix. The sedimentary succes-
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Figure 8: Schematic section of the Sandlingalm Basin fill in the area around Mount Sandling: Fludergrabenalm - Fludergraben
- Pitzingmoos — Mt. Rehkogel - Sandlingalm - Mount Sandling. During the field trip we will visit nearly the whole basin fill
starting at the Fludergrabenalm. Slightly modified after Gawlick et al. (2007a).
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sion of the Sandlingalm Basin is composed of various
slide masses. Resedimentation of Hallstatt blocks in
this basin started in the Late Bathonian and ended in
the Middle Oxfordian.

Following the emplacement of the Haselgebirge
Mélange around the Oxfordian/Kimmeridgian (Mis-
soNI & GawLIck 2011a), deposition of grey siliceous
deep-water limestones began in basinal areas as part of
the Plassen Carbonate Platform (compare GAWLICK et
al. 2010 for the field trip area). Aside from the early
Plassen Carbonate Platform sensu lato, these basinal
limestones, were deposited on top of slide masses seal-
ing the chaotic basin fill whereas on top of the nappe
fronts carbonate platforms were established.

We will visit the type-area of this basin in the cen-
tral Salzkammergut area north of the small towns Al-
taussee and Bad Mitterndorf.

Most samples from the Sandlingalm Basin contain
rich, well-preserved radiolarian assemblages.

Mt. Sandling area

Further reading: Suzuk1 & GawLick (2003), GAWLICK
et al. (2007a, 2010, 2012), GAWLICK & MIissONT (2019)
and references therein, SUzUKI & GAwLICK (2020).

In the Sandlingalm area we will visit two different
basin fills: The proximal Tauglboden Basin fill and the
Sandlingalm Basin fill (see below).

In the Mount Sandling area the Sandlingalm Basin
is situated directly south of the Tauglboden Basin (see
below). The tectonic contact is a sharp strike-slip fault.
The sedimentary succession of the Sandlingalm Basin

Figure 9: Radiolarite quarry west of the Fludergrabenalm.
Slump deposits of reddish radiolarite are intercalated in dark-
grey dm-bedded radiolarites, which are in parts laminated.
Fine-grained turbidites consist of open-marine limestones from
the open-marine distal shelf (Hallstatt Limestone facies).
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fill (Figure 8) starts with red nodular limestones of the
Early Jurassic Adnet and the Middle Jurassic Klaus
Formation (Bositra Limestone), whose upper part is si-
liceous with a well preserved radiolarian fauna. Upsec-
tion are red radiolarites which turn rapidly to green-
grey radiolarites with intercalated carbonate turbidites
(Figure 9) followed by the first mass transport deposits
with dm-sized-blocks. The provenance area of the dif-
ferent limestone and siliceous marl components is the
distal shelf area, i.e. the Hallstatt Limestone facies zone
and the continental slope (Meliata facies zone). The
Lower Jurassic cm- to dm-sized components corre-
spond to the Lower Jurassic Diirrnberg Formation,
which we plan to visit in the Teltschengraben area (see
below). Upsection in the basin fill Lower Jurassic com-
ponents decrease and older components started to be
redeposited. In addition, the component size of the re-
deposited Hallstatt sequence increases and the basin
fill reflects a coarsening-upward cycle, as typical for
foreland basin fills and advancing nappes.

Mischenirwiese and Teltschengraben (optional)

Further reading: O'DoGHERTY et al. (2008, 2017) and
references therein.

In the area around Bad Mitterndorf, a Sandlin-
galm Basin filled with several mass transport deposits
consisting of reworked material from the outer shelf
(Hallstatt Limestone facies) and km-sized slide blocks
is preserved. The component spectrum differs slightly
from that in the type area around Mount Sandling in-
dicating that the Sandlingalm Basin fills are in fact a
series of imbricated trench-like basins fills in front of
the advancing nappe pile. In all Sandlingalm Basin fill
areas the components derive from the Triassic to Early
Jurassic outer shelf, i.e. the various coloured Hallstatt
Limestone facies zone.

In the Teltschengraben a slide of uppermost Lower
Pliensbachian (Gigi fustis - Lantus sixi Radiolarian
Zone of CARTER et al. 2010) cherty marls and cherty
limestones is embedded in Callovian radiolarites. The
wacke- to packstones are in parts rich in crinoids and
frequently contain recrystallized radiolarians; well-
preserved radiolarians also occur in a few layers. The
detection of this slide is important because it is one of
the few Pliensbachian siliceous sedimentary sequences
with a well preserved radiolarian fauna in the whole
Western Tethyan Realm (compare CIFER et al. 2020).
Some new taxa could be described from this succes-
sion. The outcrop is situated in a steep valley and is
therefore optional (further reading O’ DOGHERTY et al.
2008).
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The Mischenirwiese section (Figure 10) northwest
of Bad Mitterndorf (for details see O'DOGHERTY et al.
2017) consists of a slightly folded but complete Late Ba-
jocian/Bathonian to Oxfordian-?Kimmeridgian radio-
larite succession. This nearly 100 m thick radiolarite
succession represents the distal part of the Sandlin-
galm Basin where intercalated mass transport deposits
and big slides are missing. The isolated, highly diverse
and well-preserved radiolarian assemblages have been
used by O’'DOGHERTY et al. (2017) for a detailed taxo-
nomic study. Two new families, 6 new genera, and 2
species were described from the Mischenirwiese sec-
tion.

Figure 10: Mischenirwiese section: cross-section in the small
valley from the Steinwand to the Mischenirwiese. Modified
after O’Dogherty et al. (2017).

Lammer Basin

The palaeogeographic position of this Callovian-Ox-
fordian basin fill was in the former lagoonal area of the
Late Triassic Dachstein Carbonate Platform, i.e., it
took a middle shelf position. The basin fill is charac-
terized mainly by reworked material from the
Dachstein reef facies belt and the reef-near open-ma-
rine grey Hallstatt facies/Gosausee Limestone facies.
Two different reworked successions can be recon-
structed: (I) A Middle to Late Triassic open-marine
succession with re-sedimented material from the reef
rim, and (II) a Middle to Late Triassic open-marine to
shallow-water sequence from the reef rim facies zone.
Material from the upper continental slope or the Hall-
statt Limestone facies zone occur re-mobilized and
transported in a piggy-back manner together with its
substratum (GawLicKk & Missont 2015), a km-sized
slide block from the open shelf area showing shallow-
water influence. The matrix consists of dark-grey to
black siliceous limestones to radiolarites, argillaceous

siliceous marls, and manganese-enriched shales to car-
bonates. The Haselgebirge Mélange (Late Permian
evaporites - TOLLMANN 1976) with the Hallstatt Lime-
stone mélange was thrust over the basin fill around the
Oxfordian/Kimmeridgian boundary. The subsequent
Kimmeridgian to Early Cretaceous foreland basin sed-
imentation sealed the older structures and basin ge-
ometries (M1ssoNI & GAwLICK 2011a).

Depending on the field trip route we will visit the
Lammer Basin fill either in the type area or in the area
of Mount Hochkranz.

The preservation of the radiolarians in the Lam-
mer Basin is moderate to poor. Only few samples con-
tain moderate to well-preserved radiolarian assem-
blages. In most cases the radiolarians are completely
recrystallized.

Lammer valley

Further reading: GaAwLICK (1996), GAWLICK & SUZUKI
(1999), GawLick et al. (2012) and references therein,
GAwLICK & MissonT (2015).

The type area of the Lammer Basin fill is situated
in the western Lammer valley between Golling to the
west and Abtenau to the east (details in GAWLICK,
1996). In this area the complete, coarsening- upward
basin fill of nearly 2000 m thickness is preserved, The
slides in the higher part of the basin fill are km-sized
blocks from the Late Triassic Dachstein reef belt. We
will visit the lower to middle part of the basin fill in
detail. Above the Upper Triassic (Rhaetian) lagoonal
Dachstein Limestone, the Lower Jurassic sequence is
composed of grey cherty limestones (Hettangian to
Pliensbachian), followed by Upper Pliensbachian to
Lower Toarcian mass transport deposits consisting of
reworked Adnet Limestones and subsequent Middle
Jurassic Bositra Limestones after a gap. In the Callo-
vian, limestone deposition changed to deposition of
siliceous sedimentary rocks: radiolarites (first reddish,
later grey to black), siliceous limestones, and argilla-
ceous-siliceous marls. First mass transport deposits
appear in the argillaceous-siliceous marls in the latest
Callovian below a manganese carbonate level that was
formed around the Callovian/Oxfordian boundary.
Upsection, i.e. in the Early to Middle Oxfordian, the
amount of intercalated mass transport deposits and
the reworked component size increases. In this part of
the basin fill the reworked material was derived exclu-
sively from the open shelf area adjacent to the reef rim.
Upsection follow km-sized blocks with complete Car-
nian to Rhaetian sedimentary successions from this
facies belt. These blocks carry, in a piggy-back manner,
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Figure 11: A: Photo from the west showing the type area of the Lammer Basin fill, and B: Geological interpretation (modified after
Gawlick et al. 2012 and Gawlick & Missoni 2015). The basin fill with a coarsening-upward trend consists exclusively of allochtho-

nous material of different age and provenance from the outer shelf area of the northwestern Neo-Tethys passive continental
margin.
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material from the outer shelf transitional to the conti-
nental slope, i.e. the Meliata facies zone. Characteristic
for this reworked sedimentary succession are Middle
Triassic (Upper Anisian to Ladinian) radiolarites
(Gawiick & Missont 2015). Later huge slides from the
Late Triassic reef belt were transported into the Lam-
mer Basin. In addition, Hallstatt Limestone blocks
with complete Upper Anisian to Upper Norian sedi-
mentary successions and Upper Permian evaporites
appear in the northwestern part of the Lammer Basin
fill.

Moderately preserved radiolarian assemblages
occur throughout the whole siliceous sedimentary
succession, i.e. in the matrix of the different mass
transport deposits and slides (GawLick & SUZUKI
1999). The entire basin fill is sealed by a relatively flat
lying Kimmeridgian to Aptian sedimentary sequence
(Figure 11).

Hochkranz (optional)

In the area of Mount Hochkranz, west of St. Martin in
the Saalach valley, a fill similar to that of the Lammer
Basin type area (Lammer valley) is preserved. The
basin fill in the area around Mount Hochkranz is in
direct continuation to the west of the Lammer valley
and can be traced all along the way from the Lammer
valley to the Mount Hochkranz area (M1ssoNT & GAw-
LICK 2011a, b). Whereas in the Lammer valley the most
proximal part of the basin fill is preserved, in the
Mount Hochkranz area a more distal part of the basin
fill is preserved. Also the component spectrum is
slightly different. Outer shelf components are missing
as well as components from the more basin ward depo-
sitional realm of the reef rim.

The relatively thick radiolarite succession (various
coloured radiolarites) below the first mass transport
deposits consists of grey to dark-grey radiolarites and
siliceous limestones with moderately preserved radio-
larian faunas. Slump deposits and sediment creeping is
a characteristic sedimentological feature for this radio-
laritic sequence. After deposition of the manganese-
rich horizon the first mass transport deposits are inter-
calated in a siliceous-radiolaritic matrix. The compo-
nent spectrum reflects a reworked Late Triassic sedi-
mentary sequence from the Dachstein reef rim facies
zone. The basin fill shows a coarsening-upward trend
and is sealed by the limestones of the prograding Kim-
meridgian-Tithonian Plassen Carbonate Platform
(Mount Hochkranz).

Figure 12: 12 A: Callovian rhythmic radiolarite sequence from
the deeper part of the Lammer Basin fill in the area of Mount
Hochkranz. With grey laminated radiolarite beds. 12 B: Field
view of the coarsening upward cycle of the distal Lammer
Basin Fill topped by shallow-water limestone of the Plassen
Carbonate Platform (Mount Hochkranz).

Tauglboden Basin
Fludergraben/Knerzenalm area

The sedimentary succession starts with Rhaetian la-
goonal Dachstein Limestone with megalodonts. Below
the drowning sequence corals in situ are preserved.
Drowning of the Dachstein Platform is characterized
by the change from shallow-water lagoonal limestones
to condensed red nodular limestones with crinoids,
ammonoids and foraminifera (Adnet Formation). Red
nodular limestone formation continued until the Mid-
dle/Late Jurassic boundary. In the Middle Jurassic this
red nodular limestone is characterized by hardground
formation (Klaus Formation). Directly above, deposi-
tion of red radiolarites began, These soon turned to
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grey to black radiolarites indicating a change in the
basin geometry. Slump deposits are a characteristic
feature of this basal part of the basin fill. Some metres
upsection, the first turbidites and mass transport de-
posits occur in the sedimentary succession. The com-
ponent spectrum in these mass transport deposits re-
flects the Upper Triassic to Middle Jurassic sedimen-
tary succession of the lagoonal Dachstein Limestone
facies belt. Note that instead of a complete Lower Ju-
rassic red nodular Adnet Limestone succession, grey
cherty limestones begin to appear indicating a Lower
Jurassic basinal sequence south of the Tauglboden
Basin, which is not preserved anymore. In total the
Tauglboden Basin (Figure 13) fill reflects a coarsening-
upward cycle.

The base of the Fludergraben section (Figure 14) is
important for the calibration of radiolarian faunas
with ammonoids. Suzukt & Gawwrick (2020) studied
the radiolarian faunas from the lowermost part of the
radiolarite succession and discussed the biostrati-
graphic ranges of several species and proposed some
promising marker species for the Oxfordian.

In the area north of Mount Sandling, the proximal
Tauglboden Basin fill is preserved. The thickness is
nearly 900 m.

The preservation of radiolarians in the Taugl-
boden Basin is moderate to poor. Only a few samples
contain moderate to well-preserved radiolarian assem-
blages. In most cases the radiolarians are completely
recrystallized. The best radiolarian assemblages ap-
pear in the proximal Tauglboden Basin.

Tauglboden

Further reading: SCHLAGER & SCHLAGER (1969, 1973),
DierscHE (1980), GAwLICK et al. (1999, 2009, 2012).
In the Tauglboden area west of the small town
Kuchl in the Salzach valley we will visit the central
part of the Tauglboden Basin fill (Figure 15). This
basin is located in the Late Triassic Hauptdolomit fa-
cies belt. In the Tauglboden valley a complete Lower
Jurassic to Upper Jurassic sedimentary sequence is
preserved with radiolarite deposition beginning in the
Early Oxfordian (HuckRIEDE 1971). Red bedded radi-
olarites 5-10 cm-thick formed first. Next, radiolarite-
beds changed to grey due to the change in the basin
geometry upsection, and some laminated radiolarites
were deposited with intercalated turbidites and mass
transport deposits. In addition, some volcanic ash lay-
ers, mostly at the base of the mass transport deposits,
are intercalated in the succession. Both the change in
the colour of the radiolarites and the occurrence of
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first reworked material indicates the change in the
depositional environment from an open and fully oxy-
genated basin floor to the geometry of a deep trench-
like foreland basin. The sedimentology of the Taugl-
boden sequence and especially the sedimentological
features of the different mass transport deposits and
breccias were studied in detail by SCHLAGER & ScHLA-
GER (1969, 1973) and in a more regional context by Di1-
ERSCHE (1980).

Detailed component analysis and age dating of the
radiolaritic matrix was carried out by GAWLICK et al.
(1999) and later by GawLick et al. (2012). The compo-
nent spectrum reflects a complete Upper Triassic to
Middle Jurassic sedimentary sequence from the facies
zone of the open lagoon of the Dachstein Carbonate
Platform, i.e. Norian Dachstein Limestone, Lower
Rhaetian Koéssen marls, Rhaetian Dachstein Lime-
stone, lower Lower Jurassic Scheibelberg Formation,
upper Lower Jurassic Adnet Formation, Bositra Lime-
stone (Klaus Formation) and Callovian radiolarites.
This component spectrum contrasts with that of the
Lammer Basin fill to the south. In addition, resedi-
mentation in the Tauglboden Basin started later as in
the Lammer Basin. This clearly indicates the propaga-
tion of the nappe stack to the north.

The first part of the basin fill is characterized by a
coarsening-upward trend: the intercalated mass trans-
port deposits in the argillaceous-radiolaritic matrix in-
crease in thickness and also the component size in-
creases. More and more slump deposits occur in the
sequence. According to radiolarian ages, the base of the
Tauglboden Formation and the top of the coarsening
cycle are the same age, i.e. Early to Middle Oxfordian.
Upsection follows a series of dark grey dm-bedded ra-
diolarites to cherty limestones without turbidites or
mass transport deposits. Slump deposits are also miss-
ing. Higher up again mass transport deposits and dm-
thick volcanic ash layers appear. This part of the se-
quence is early Tithonian in age based on radiolarian
assemblages and forms the base of a fining-upward
cycle ending in the Berriasian. The latest Oxfordian to
earliest Tithonian represents a condensed part of the
sequence with relative tectonic quiescence, i.e. a starved
basin. In the early Tithonian a new cycle in the basin
fill began. Whereas the Oxfordian part of the basin fill
reflects a compressional regime expressed in a coarsen-
ing-upward cycle, the Tithonian part of the basin fill
reflects an extensional regime with accompanied in-
tense explosive volcanism, and is expressed in a fining-
upward cycle. This extension is related to mountain
uplift and unroofing (M1ssoNT & GAwLICK 2011a, b) of
the Neotethyan orogenic belt, as known in the Dina-
rides (GAWLICK et al. 2020 and references therein).
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Figure 13: Schematic section of the Tauglboden Basin fill in the area north of Mount Sandling: Fludergraben — Knerzenalm -
Hoherstein. During the field trip we will visit nearly the whole basin fill starting in the Fludergraben. Slightly modified after
Gawlick et al. (2012).
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Figure 14: Fludergraben section. A: Red nodular limestones
with ammonoids from the Callovian/Oxfordian boundary
overlain by thin-bedded Oxfordian red radiolarite. B) Thin
bedded grey radiolarite with intercalated mass transport
deposit from the lower part of the Tauglboden Basin fill in the
Fludergraben valley.
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The component spectrum of the Early Tithonian
part of the basin is similar to that of the Oxfordian
part of the basin fill, but in contrast, Jurassic compo-
nents are rare and Dachstein Limestone and Kossen
Formation components dominate. Also during the
Tithonian, radiolarites become more and more car-
bonate and preservation of radiolarians is very poor.
Higher in the section (in the latest Tithonian) the first
shallow-water components from the prograding Plas-
sen Carbonate Platform appear in the mass transport
deposits.

Mortlbach valley

Further reading: DiErscHE (1980), GAWLICK et al.
(2012).

In the Mortlbach valley section, ie. along the
parking place on the road to Krispl, a complete upper-
most Triassic to Oxfordian sedimentary sequence is
exposed (Figure 16). The section starts with Rhaetian
Dachstein Limestone transitional to the Késsen Basin
overlain by grey cherty limestones of the Scheibelberg
Formation, 6-8 m in thickness. These grey cherty
limestones with spicules and rare recrystallized radio-
larians are overlain by reworked red nodular lime-
stones of the Adnet Formation, forming a series of
mass transport deposits. This part of the section is late
Pliensbachian to early Toarcian in age. Upsection fol-
lows a thin layer of marly limestones of Aalenian age,
rich in Bositra shells. After a gap, expressed by a ferro-
manganese horizon, deposition of a 1 m thick Callo-
vian black thick-bedded to massive radiolarite started.
Upsection the colour of the radiolarite changed to red.
This 15 m thick part of the section consists of dm-bed-
ded red massive radiolarites with claystone intercala-
tions and is Late Callovian to Early/Middle Oxfordian
in age. Only in a few beds the preservation of the ra-
diolarians is good. In most beds the radiolarians are
recrystallized and poorly preserved. Up-section in the
Early-Middle Oxfordian the red radiolarite passed into
grey radiolarites and cherty limestones. These sili-
ceous sedimentary rocks are laminated and indicate a
change in the basin geometry. In addition, few volcanic
ash layers and fine-grained turbidites are intercalated
in the succession but the clasts are too small to deter-
mine their stratigraphic age. Upsection the clasts be-
come coarser and consist mainly of Upper Triassic la-
goonal Dachstein Limestone and rare Jurassic compo-
nents. The component spectrum is identical to that of
the Tauglboden valley to the south.

The thickness of this part of the sequence does
not exceed 10-20 m (details in DIERSCHE, 1980), and
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Figure 15: “Idealized section” of the Tauglboden Formation in the type-area (see Schlager & Schlager 1973 for details). Redrawn after
unpublished data of M. and W. Schlager, printed with permission of W. Schlager (Amsterdam) in Gawlick (2000). Ages of the different
parts of the section according to Huckriede (1971), Gawlick et al. (1999, 2012) and unpublished data. Basal part of the section accord-
ing to Huckriede (1971), from Gawlick et al. (2012), modified. Sedimentological trends after Missoni & Gawlick (2011a).
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Figure 16: Sedimentary succession along the parking place on the road to Krispl. Right section with photographs after Bohm
(1992), modified and completed for the Callovian-Oxfordian part of the section. Left section from Diersche (1980). Modified after
Gawlick et al. (2012).
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Figure 17: Different views of the Leube quarry and formations that will be visited. Due to the fact of ongoing exploitation in the
quarry the outcrop situation and available parts of the succession may change. A: Northwestern part of the quarry with the Lower
Berriasian part of the succession. B: Northern part of the quarry with the Lower Berriasian upper Oberalm Formation, the Middle
Berriasian Gutratberg Member of the Oberalm Formation, and the Upper Berriasian Schrambach Formation. C: Eastern side of
the quarry with the part of the succession studied in detail for magnetostratigraphy, gamma ray spectrometry, AMS studies, and
geochemical analysis (Grabowski et al. 2016, 2017a, b). D: Southern part of the quarry with the transition from the Schrambach

Formation to the Rossfeld Formation.
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Figure 18: Triassic-Jurassic geodynamic evolution of the western Neo-Tethys margin after Gawlick ¢ Missoni (2019) with a few
modifications. A: Middle Triassic to Early Jurassic passive margin configuration. For details of the stratigraphic evolution, see Figure
3 and Figure 4. Continental break-up and generation of Neo-Tethys oceanic crust started around the Middle/Late Anisian boundary.
B: Onset of ophiolite obduction started in the Bajocian and the formation of ophiolitic mélanges in the oceanic realm since the Early/
Middle Jurassic boundary. From Bajocian time the ophiolitic mélanges in sub-ophiolite positions contain reworked blocks from the
continental slope (Meliata facies zone). Concerning the position and formation of the plagiogranites see Michail et al. (2016). C: Late
Middle Jurassic to early Late Jurassic propagating ophiolite obduction and imbrication of the former Neo-Tethys passive margin,
resulting in the formation of a thin-skinned orogen. Trench-like basin and sedimentary mélanges formed in front of the propagating
nappe stack. Some of the southern basin groups became sheared off and transported in northwest-/west-ward directions. The deeper
parts of the imbricate stack of the outer shelf underwent low temperature — high pressure (LT-HP) metamorphism.
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the thickness of the intercalated turbidites is only
10-20 cm. This section was formed on the northern
slope of the Tauglboden Basin and represents a very
distal part.

Leube quarry

Further reading: KriscHE et al. (2013, 2014, 2018) and
references therein, BUJTOR et al. (2013).

In the Leube quarry south of Salzburg (near to the
villages Gartenau and St. Leonhard) we will visit the
uppermost Jurassic to Lower Cretaceous sedimentary
rocks. Here in several tectonic slices, separated by
Miocene strike-slip faults, sedimentary successions
from the higher Oberalm Formation including the
Barmstein Limestone to the Rofifeld Formation are
well preserved (Figure 17).

A detailed description of the section, the history of
investigations in the quarry and a description/defini-
tion of the formations is given by KrIscHE et al. (2018).
New studies since 2018 (HIRSCHHUBER et al. 2019;
HIRSCHHUBER 2020) result in a more detailed subdivi-
sion of the different tectonic slices in the quarry.

The Leube quarry provides one of the best pre-
served and exposed uppermost Jurassic to Early Creta-
ceous sedimentary successions in the central Northern
Calcareous Alps. New calpionellid data, in combina-
tion with ammonite, microfacies and lithology analy-
ses, form the basis for a detailed, revised biostratigra-
phy of this time interval (Kr1scHE et al. 2013) that gave
rise to further very detailed investigations. Addition-
ally, the investigation of hemipelagic basinal sedimen-
tary sequences is very important for a better under-
standing of the Late Jurassic to Early Cretaceous evolu-
tion of the central Northern Calcareous Alps and also
allows new insights into the development of the Late
Jurassic to Early Cretaceous shallow-water carbonate
platform at the southern rim of the basin (Plassen Car-
bonate Platform sensu stricto). The remarkably rich
Late Berriasian ammonite fauna (BujToRr et al., 2013)
reveals strong biogeographic connections toward the
Tethyan faunas along the northern margin of the Te-
thys; many are reported for the first time from Austria.

The results achieved in the Leube quarry contrib-
ute to an improvement of the palacogeographical and
geodynamical model of the Northern Calcareous Alps
for this time span. For this field trip, published results
are combined with the recently obtained and still un-
published ones, which are here presented for the first
time.

2.3 Geodynamic history

Further reading: FriscH & GawLIcK (2003), MISSONI
& GawLIck (2011a, b), GAwLICK et al. (2012), GAWLICK
& Missont (2019) and references therein.

The Middle-Late Jurassic mountain building pro-
cess in the Western Tethyan realm was triggered by
west- to northwestward-directed ophiolite obduction
onto the wider Adriatic shelf. This southeastern to
eastern Adriatic shelf was the former passive continen-
tal margin of the Neo-Tethys, which started to open in
the Middle Triassic. Its western parts closed from
around the Early/Middle Jurassic boundary with the
onset of east-dipping intra-oceanic subduction. Ongo-
ing contraction led to ophiolite obduction onto the for-
mer continental margin since the Bajocian. Trench-
like basins formed concomitantly within the evolving
thin-skinned orogen in a lower plate situation. Deep-
water basins formed in sequence with the northwest-/
westward propagating nappe fronts, which served as
source areas of the basin fills. Basin deposition was
characterized by coarsening-upward cycles, i.e. sedi-
mentary mélanges as synorogenic sediments. The
basin fills became sheared successively by ongoing
contractional tectonics with features of typical mé-
langes. Analyses of ancient Neo-Tethys mélanges along
the Eastern Mediterranean mountain ranges allow
both, a facies reconstruction of the outer western pas-
sive margin of the Neo-Tethys and conclusions on the
processes and timing of Jurassic orogenesis. Compari-
sons of mélanges identical in age and component spec-
trum in all eastern Mediterranean mountain belts
confirm a single Neo-Tethys Ocean model in the West-
ern Tethyan realm, instead of multi-ocean and multi-
continent scenarios.
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SLOVENE CLASSICAL KARST: KRAS PLATEAU AND THE
RECHARGE AREA OF LJUBLJANICA RIVER

KLASICNI KRAS: PLANOTA KRAS IN KRASKO ZALEDJE
I[ZVIROV LJUBLJANICE

Franci GABROVSEK", Andrej MIHEVC!, Cyril MAYAUD', Matej BLATNIK' & Blaz
KOGOVSEK!

ABSTRACT
Slovene Classical karst: Kras Plateau and the Re-
charge Area of Ljubljanica River

The area of the Classical Karst is roughly defined by a
triangle with Ljubljana, Trieste and Rijeka as its vertices.
This is the area where the first scientific studies of karst phe-
nomena were conducted. Two sub-regions that particularly
attracted researchers are presented. Kras/Carso plateau with
the Skocjan caves and the underground course of the Reka
river. The groundwater flow of Reka-Timavo is character-
ised by high recharge variability of allogenic inflow of Reka
River and flow restrictions in the upper part of subterranean
flow, which control regional backfloodings observed in cave
systems. The recharge area of Ljubljanica Springs is known
for a cascading series of poljes in intermediate cave systems.
The area has been in focus of hydrological studies for over a
century, but many phenomena have been resolved in the last
decade based on results of continuous autonomous monitor-
ing in the last decade.

Key words: Classical Karst, Kras, Skocjanske Jame, Re-
ka-Timavo system, Ljubljanica Recharge Area, Polje.

http://dx.doi.org/10.3986/fbg0097

IZVLECEK
Klasi¢ni kras: planota Kras in krasko zaledje izvirov Lju-
bljanice

Obmogje Klasi¢nega krasa v grobem objema trikotnik z
Ljubljano, Reko in Trstom v oglis¢ih. Tu se je zacelo znanst-
veno proucevanje krasa. Dve kraski obmodji sta tu Se pose-
bej pritegnili pozornost raziskovalcev. Prvo je planota Kras
s Skocjanskimi jamami in podzemnim tokom Reke med
Skocjanskimi jamami in izviri Timave. Ta tok moéno zazna-
muje velika spremenljivost dotoka reke Reke in lokalne
zozitve v vodonosniku, ki povzrocajo regionalno poplavl-
janje, kot ga belezimo v jamah. Drugo je obmocje kraske
Ljubljanice z znacilnim nizom dinarskih kraskih polj in
jamskih sistemov, ki polja hidrolosko povezujejo. Obmocje
je ze ve¢ kot stoletje predmet Stevilnih raziskav, zvezno
spremljanje parametrov toka v kraskih jamah v zadnjih de-
setih letih, pa je omogocilo nova spoznanja o lastnostih in
mehanizmih pretakanja vode v celotnem sistemu.

Kljucne besede: Klasi¢ni kras, Kras, Skocjanske jame,
podzemni tok reke Reke, krasko zaledje izvirov Ljubljanice,
polje.

1 7ZRC SAZU, Karst Research Institute, Titov trg 2, SI-6230 Postojna, Slovenia.
* E-mail address of corresponding author: franci.gabrovsek@zrc-sazu.si
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KRAS PLATEAU AND SKOCJAN CAVES

Kras Plateau

The Kras/Carso is a low, 40 km long and up to 13 km
wide, NW-SE-trending limestone plateau in Slovenia
and Italy, stretching between Trieste Bay, the north-
ernmost part of the Adriatic Sea, Vipava valley in
north-east,and Friuli-Venezia Giulialowlandsand river
Soca in north-west (Figure 1).

The name for the area comes from genetic word
kras; in Slovene it means rocky surface The term gave
the name to the whole plateau Kras. From this toponym
the international term - karst - for such type of land-
scape is derived. The name and some other terms from
the area like dolina, polje, and ponor have also entered to
international scientific terminology from here.

Climate is sub-Mediterranean with warm dry sum-
mers and most of the precipitation in autumn and
spring. Cold winters, with NE wind “burja” (bora =
borealis) show strong influence of the continent. Aver-
age yearly precipitation on Kras varies from 1,400 to
1,650 mm, and average yearly evapotranspiration from
700 to 750 mm. Because of different land use, pastur-
ing, in past centuries, the Kras was bare, with rocky
and grassy surface. In the last decades the bushes and
trees are overgrowing the landscape.

Figure 1: Digital elevation model of the Kras Plateau.
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The main part of the plateau is essentially levelled,
inclined slightly towards the north-west, with numer-
ous dolines, caves and other karst features. Over 3500
caves are known on the plateau. In seven of them we
can reach over 30 km of passages of the underground
Reka which flows between 200 and 300 m below the
surface. There is a belt of slightly higher relief in the
central part of the plateau, formed by conical hills like
Grmada (324 m.a.s.l.), and dissected by large depres-
sions. The higher relief divides the Kras into two sepa-
rated levelled surfaces. In the north-western part, the
plateau descends to below 50 m.a.s.l. on the edge of the
Friuli Plain; on its south-eastern edge altitudes are
about 500 m.a.s.l. There is about 300 m of accessible
vadose zone with caves formed at all altitudes from the
surface to the sea level and below it.

No superficial streams occur on the Kras surface,
because all rainwater immediately infiltrates to car-
bonate rocks. There are two dry valleys crossing the
plateau and some NW-SE-trending belts of lower relief
which are result of young tectonics.

The age of the karst of Kras plateau can be defined
as the time when the karst rocks were uplifted out of
the sea. For the most of Dinaric karst in Slovenia this
occurred after the Eocene, since after that there is no
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evidence of younger marine sediments. As soon as the
carbonate rocks were exposed, we can expect that the
karst was formed, but there are no remnants of karst
features from that time. Most likely denudation has al-
ready destroyed them.

The oldest features in the karst relief are unroofed
caves. They were caves that were formed by sinking riv-
ers, bringing allogenic sediments to caves in Kras. Atthe
end of the morphogenetic phase all these caves were
filled with fluvial sediments. This indicates the dimin-
ishing of the gradient in the whole area. Diminishing of
the gradient, which ended with planation could mean
tectonic phase, which ended at about 6 Ma ago. After
that a new tectonic phase started. Three areas faced up-
liftand tilting for several hundred meters. The uplift was
stronger in the SE part of the area. Karst denudation was
evenlylowering the surface, so the surface remained well
preserved, dissected on central parts of karst with do-
lines, which represent few percents of total area only.
The even denudation exposed former old caves to the
surface. Some of them are filled with sediments, some
sediments were washed away or were never filled.

Geologicaland hydrogeological settings of the Kras Plateau
Figure 2 presents a simplified geological situation. The

plateau is made up of a succession of Cretaceous to
Lower Paleogene carbonates deposited on the Adriat-

ic-Dinaric Carbonate Platform (BUSER et al. 1968; Jur-
KOVSEK et al. 2016). The geological structure of the
broader area is a result of the collision between the
Apulian and Eurasian lithospheric plates. The Kras
Plateau is an anticlinorium, which structurally belongs
to the External Dinaric Imbricated Belt, a part of the
thrust system of the External Dinarides, which fur-
thermore underthrusts below the Southern Alps. Un-
derthrusting also resulted in an en-echelon formation
of strike slip faults. Several fault systems cross the area,
typically along the so-called Dinaric SE-NW and
cross-Dinaric direction. The most recent structural
description of the area can be found in PLACER (2008,
2015). Some faults have been identified to affect the
groundwater flow (SEBELA 2009; ZvaB Roz1¢ et al.
2015) The carbonates are surrounded by flysch, which
provides the input of allogenic water on the SE, while
at the same time prevents outflow along the SW
boundary. This way, the main flow is forced to follow
the Dinaric (SE-NW) direction. Along the NW coast
of the Trieste Bay, the topographical elevation of the
limestone flysch contact is low enough to permit out-
flow through numerous karst springs. Among these,
the Timavo Springs, with an average discharge of al-
most 30 m?/s are the most important.

The Reka River is the main allogenic input to the
system; ~41 % of its catchment is karstic and ~54 % is
underlain by flysch. It flows ~50 km on the impermeable

Figure 2: A simplified geology of the area with main lithological units and structural elements. PI-P6 mark the position of the
caves with active groundwater flow. Blue arrows indicate the general groundwater flow direction towards the springs.
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Figure 3: An idealised cross-section of the Kras Plateau between the Skocjan Caves and the springs along the NW coast of Trieste
Bay. The dotted blue lines denote the position of the base flow and extreme floods. P1 to P6 indicate the positions of the obser-
vation points used in this work. Vadose parts are filled white, while phreatic and epiphreatic parts are filled by light blue.
Higher base flow line between P2 and P3 denotes flow along the partially known overflow channels in this segment.

flyschrocks, continues for another 7 km as a surface flow
on a limestone terrain, sinks at the Skocjan Caves and
contributes to the springs in the Trieste Bay (Figs. 1 & 2).
The straight-line distance between the Skocjan Caves
and the Timavo Springsis ~33 km. The average discharge
of the Reka River in the period 2007-2013 was 7.1 m’/s,
while the long-term average (1952-2013) is about 8 m*/s.
The ratio between the highest and the lowest flow rate is
~1700, with the maximum measured discharge 305 m’/s,
and the minimum 0.18 m?¥/s. It should be noted, that the
Reka River makes an important contribution to the Ti-
mavo Springs during high flow, however, during mean
and base flow, most of the spring water originates from
the Soca alluvium in the NW (DocTor 2008) and from
diffuse infiltration from rainwater (CiviTa et al. 1995).
In other words, the Soca River provides the base flow
while the Reka River and diffuse infiltration from the
surface contribute the variability of the Timavo and
other springs.

Yearly precipitation in the mountainous catchment
of the Reka River can reach > 2000 mm. These areas
form an important orographic barrier where extreme
precipitation events (e.g., 250 mm in 12 hours) have been
recorded.
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The epiphreatic flow of the Reka-Timavo system

Figure 3 shows an idealised cross-section through the
Kras Plateau. Several caves have been explored that
cross vertically the entire vadose zone and reach the
epiphreatic level with the Reka River flow. In caves P1-
P6, long term monitoring of water level, temperature
and electric conductivity have been monitored with
autonomous instruments. The Reka starts its under-
ground flow at Skocjanske Caves (P1 in Figs. 2 & 3),
where flow is more or less uninterrupted and follows
the channels of extreme dimensions until the available
cross-section drops by three orders of magnitude at
Martel’s chamber. Skocjan Caves end with a sump, not
yet explored. About 800 m NW Reka reappears in
Kac¢na Jama (P2 in Figs 2 & 3). The cave is >20 km long
and 280 m deep. The lower epiphreatic level is domi-
nated by the flow of the Reka River, which mostly
flows in an open channel during low to medium hy-
drological conditions, when water leaves the cave
through the terminal sump at 156 m a.s.l. The base
level sump has limited flow capacity, as soon as the
recharge surpasses 15 m?/s, it is diverted to the se-
quence of large overflow galleries. More than 2 km of
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Figure 4: Level and temperature hydrographs recorded in caves of the Reka-Timavo system during major flood in December 2008.

the overflow channels, interrupted by perched sumps,
have been explored. The underground flow can be ob-
served in several other caves (observed caves are P3 to
P6), where typically a series of rather narrow shafts
lead to large chamber or passage with groundwater
flow.

Characteristics of flood propagation through the Reka-
-Timavo system

Details on monitoring, interpretation and modelling
can be found in GABROVSEK et al. (2018). Here we out-
line just some conclusion of their work:

Floods in Skocjan Caves (P1) and Kac¢na Jama (P2)
are controlled by local restrictions. During large
events, back-flooding of Skocjan Caves and Kaéna
Jama are caused by the same restriction.

The base outflow sump in Ka¢na Jama drains
water effectively until the discharge is below 15 m?/s.
When this is surpassed, the flow is diverted along
higher positioned overflow galleries. This can drain
efficiently flow rates up to 130-150 m*/s. At higher dis-
charge the levels in Kaéna Jama and Skocjan Caves rise
very fast with increasing flow. The rate of the level rise
can reach 10 m/h.

Analysis of temperature hydrographs showed that
a large amount of perched water is stored in the galler-
ies between P2 and P3 between successive floods.

The level in the lower part of the system P3-P6
reacts very simultaneously, indicating uniform varia-
tions of water level in this part of the system.
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Figure 5: The flood event of 2019: Cumulative rain at two stations, discharge of Reka and level and temperature in Martel’s
chamber. Dotted grey line shows discharge shifted for six hours, an estimated travel time from gaging station to Martel’s chamber.

Figure 6: The water rose for over 90 m during flood in February 2019. The flood caused severe damage in infrastructure and
deposited a thick layer of mud. Lower right: a satellite picture of Timavo springs region on February 5th (Photos: Borut Lozej,
Skocjan Caves Regional Park, ESA Sentinel). Below: rough cross-sectional schematic view of water level during the 2019 flood.
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The flood event in February 2019

Between January 27" and February 4" 2019 over 300
mm (almost 200 mm in the most intensive 30 h period)
of rain fell in the mountainous region of Mt. Sneznik
and about 150 mm in the area of Skocjan. The dis-
charge of Reka at the gaging station Cerkvenikov Mlin
peaked at 300 m’/s. During the event the water in
Skocjan Caves rose with rates up to 10 m/h and reached
the level of 305 m a.s.l. in Martel’s chamber and about
307.5 m a.s.l. in Sumeca Jama (Figs. 5 & 6) . The flood
was largest in the last 50 years. High water caused se-
vere damage to infrastructure and deposited a consid-
erable amount of mud; at some places the thickness of
fresh deposits was above 50 cm (Figure 6).

Geophysical and geodetic response to floods

Continuous recording gravity stations were installed
above the Skocjan Caves and inside Grotta Gigante in

2018 (P1veTTA et al. 2021). The Skocjan Caves serve as a
test site because the cave geometry and the hydraulic sys-
tem here are well known. Gravitational response of 2019
flood was clearly recorded and the records are currently
being analysed. Furthermore, high overpressure (up to
10® Pa) may form in conduits during flood propagation.
This could resultin measurable terrain upliftas discussed
in recent paper by BRAITENBERG et al. (2019).

A brief speleological review of Skocjanske jame

Skocjanske Jame (Skocjan Caves) are 5.8 km long cave
(Figure 7) formed by the river Reka that enters the cave
at an altitude of 314 m a.s.l., flows towards Martelova
Dvorana (Martel’s Chamber) at 214 m a.s.l. and to ter-
minal sump at 190 m a.s.l. (i.e. 124 m lower). At low
water levels the Reka sinks before it enters the cave.
Floods usually reach up to 30 m. The largest known
flood in the 19'" century raised the water table level by
132 m. The largest chambers are Martelova Dvorana,
with a volume of 2.6 x 10° m?, and Sumeca Jama with

Figure 7: Map of Skocjanske Jame (Cave Register 2019).
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0.87 x 10°m’ (M1aEvC 2001). Some of the big chambers
have been transformed into collapse dolines like Velika
and Mala dolina. Skocjanske Jame are developed on a
contact area of Cretaceous thick-bedded rudist lime-
stone and Paleocene thin-bedded dark limestone (SEBE-
LA 2009). The passages were initially formed in phreatic
conditions along tectonized bedding-planes, and later
modified by paragenesis or gravitational entrenchments
and collapses.

Exploration and tourism in Skocjanske Jame
The first paths in the cave area were made in 1823, but

construction of paths for exploration and for the visi-
tors started in 1884. Cave exploration was done by cav-

ers of DOAV (Littoral section of Austrian Alpine Club)
from Trieste. The most important explorers were
Anton Hanke and Joseph Marinitsch. In 1891 they had
already reached the final sump in the cave.

In 2019 a new connecting surface and Martel’s
chamber was explored. In the cave two large passages
were found that offer promising leads along the high
flood pathways. In 2018 and 2019 a complete lidar scan
of the caves was made.

Because of the caves’ extraordinary significance for
the world’s natural heritage, the Skocjanske Jame were
included in UNESCO’s World Heritage List in 1986. The
Republic of Slovenia pledged to ensure the protection of
the Skocjanske Jame area and therefore adopted the
Skocjanske Jame Regional Park Act.

Figure 8: Thel Ljubljanica River recharge area with high karstic plateaus, karst poljes and surface rivers. The main caves are

shown with red lines.
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THE LJUBLJANICA RIVER RECHARGE AREA

The central part of the Slovenian Dinaric Karst drains
to the springs of the Ljubljanica River, located on the
southern edge of the Ljubljana Basin (Figure 8). Al-
though the area is about 26 km of straight-line distance
close to the Adriatic Sea, intense tectonic activity has
triggered drainage into the Sava-Danube river basin,
which flows to the Black Sea. The estimated total size
of the Ljubljanica recharge area is almost 1800 km?, of

which about 1100 km? are karstified. The karst catch-
ment area was delineated during an extensive tracing
campaign in the 1970s (GosPODARIC & HABIC 1976).
The karst rocks are mostly of Mesozoic age. They
are generally micritic, locally oolitic limestones and
predominantly late-diagenetic dolomites. They formed
on the Dinaric platform under conditions of continu-
ous sedimentation that allowed high rock purity, gen-

Figure 9: Hydrogeological map of the Ljubljanica recharge area (adapted from Krivic et al. 1976).
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erally with less than 5%, locally even only 0.1%, insol-
uble residues. The total thickness of the carbonate se-
quence is almost 7 km.

Structurally, the entire Ljubljanica catchment be-
longs to the Adriatic Plate. The area consists of several
nappes that were overthrust during the peak of the Al-
pine orogeny in the Oligocene in a NE to SW direction
(PLACER 2008; PLACER et al. 2010). A later change in
the direction of plate movement led to the formation of
the Idrija Fault Zone, a dextral strike-slip fault that
crosses the area in the direction of NW-SE (Figure 9)
(VRABEC 1994). The Idrija Fault Zonelargely determines
the direction of regional flow (Figure 9). In general, the
steepesthydraulic gradientisoriented northwards, from
the Notranjska region towards the Ljubljana Basin,
which represents a regional base level. However, the
faultzone actsasabarrier to groundwater flow and forc-
es the water to surface in the poljes. At the same time, it
diverts the flow in the Dinaric direction (SE-NW) (Su-
STERSIC 2006).

Several poljes have developed along the Idrija Fault
Zone (GaMms 1965, 1978; SUSTERSIC 1996). These large
flat-bottomed depressions are regularly flooded and
are often the only areas where water appears at the sur-
face. The formation of poljes is preconditioned by tec-
tonics, in this case by the structures within the Idrija
strike slip fault, but the forming mechanism is the cor-
rosional planation at the groundwater level.

In general, the water follows the SE-N'W direction
with surface flow on the poljes and groundwater flow
in-between (Figure 10). Additional water enters the flow
system at numerous springs draining the areas of the
Sneznik and Javorniki mountains in the south of the
Idrija Fault Zone. Several sinking rivers draining dolo-
mite or flysch areas also contribute to this system
(GaMs 2004). Thealtitude of the poljes drops from about
750 m to 450 m (Figure 10). The streams that flow
through them have different names: Trbuhovica, Obrh,
Strzen, Rak, Pivka and Unica. Apart from a relatively
small amount of water flowing directly from Cerknisko

Figure 10: Cross section of Ljubljanica River recharge area following an initially SE-NW trend along the Idrija Fault Zone between
Losko and Planinsko Polje, and turning N from Planinsko Polje toward the Ljubljanica springs near Vrhnika. The major caves are

indicated in red, large collapse dolines in green.

Polje to the springs of Ljubljanica, most of the water
comes to the surface along the southern edge of Pla-
ninsko Polje. Along its eastern and northern edges, the
water sinks back underground and flows northwards
to several large and many small springs aligned along
the southern edge of the Ljubljana Basin, which is con-
nected to the gradual tectonic subsidence of the area
(Kr1vic et al. 1976; Gams 2004). The average annual
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discharge of the Ljubljanica springs is 38.6 m’. An ad-
ditional amount of water drains from the low- to me-
dium-permeable Rovte plateau and contributes to the
Ljubjanica springs by sinking into the ponors of
Logasko Polje (MIHEVC et al. 2010).

There are over 1600 known caves in the recharge
area of the Ljubljanica River (CAVE REGISTER 2019).
Most of them are accessible fragments of a fossil un-
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Figure 11: (a) Flooded Cerknisko Jezero (Spring 2013) (Photo: C. Mayaud). (b) Ponors of Reseta during low flow conditions (Sum-

mer 2017) (Photo: M. Blatnik).

derground drainage system (HABIC 1973; GOSPODARIC
1981; SUSTERSIC 1999, 2002). The average cave length is
48 m and the depth 18 m. However, the largest cave
systems are water-active and sum a total of about 80
km of epiphreatic channels.

Cerknisko Polje

Cerknisko Polje is the largest karst polje in Slovenia
(GaMs 1978, 2004). It is often called Cerknisko Jezero
(Lake of Cerknica) because of its regular floods (Figure
11a). When full, the intermittent lake covers up to 26
km? out of 38 km? of the polje’s total area. The bottom

of the lake is at an altitude of 550 m. Its intermittency
has attracted many scholars since the beginning of the
New age including the polihistorian Valvasor, who
published his famous study of the Cerknisko Jezero in
1689 (SHAw & Cuk 2015). The main part of the polje is
underlained by Upper Triassic dolomite at its N, E and
SE borders. The areas to the W and NW, on the other
hand, are mainly underlain by Cretaceous limestone
(Figure 9).

The polje is regularly flooded for several months,
mostly in autumn, winter and spring (Kovaci¢ & Rav-
BAR 2010). On average, about ten days a year the water is
above the level of 550.3 m, which corresponds to a flood-
ed area of 21.84 km? (RAVBAR et al. 2021). The main in-
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flows into the polje come from a series of karst springs
called Zerovniséica, Steberscica and Strzen, located on its
eastern and southern borders. The springs on the SW side
(e.g. Suhadolca, Vranja jama) contribute substantial
amount of water during floods. In addition,an important
allogenic component comes from the Cerkniscica River,
which drains a dolomitic area of about 44 km? in the east
(GamMs 2004). Finally, several estavelles (e.g., Vodonos)
also contribute to the inflow into the polje.

In addition to the estavelles, several ponor zones lo-
cated in the inner part of the polje drain a certain
amount of water directly to the springs of Ljubljanica
(Kr1vic etal. 1976) (Figure 11b), while the main ponors
are aligned along the W side of the polje, with Velika
and Mala Karlovica being the most prominent. Both

caves extend for over 8.5 km between Cerknisko Polje
and the Rakov Skocjan karst valley. So far, only a small
section between Velika Karlovica and Zelske Jame (lo-
cated in Rakov Skocjan) is unexplored as an important
collapse zone is located there. Recent studies have
shown that at low to medium water levels (GABROVSEK
et al. 2010; RAvBAR et al. 2012; KoGgovS$eEk 2022), a
large part of the water sinking into the ponor of Mala
Karlovica reaches the Kotli¢i springs in the middle of
Rakov §k0cjan and a smaller part reaches Zelske Jame,
which would be the most logical direction.

In the last centuries, several attempts were made to
change the hydrological behaviour of the polje, but
none was completed or successful. In the 1960s, a plan
to transform the Cerknisko Jezero into a permanent

Figure 12: Cross-section of the Rakov Skocjan karst valley between the Rak spring at Zelske Jame and the terminal ponor in
Tkalca Jama. Legend: 1. rocky bottom; 2. alluvia; 3. fault zone; 4. flood level in 1982; 5. karst spring: 6. water flow directions; 7.

terraces; 8. boulder rocks; 9. altitude.

Figure 13: Rakov Skocjan karst valley. a) The arch of Mali Naravni Most. b) Kotlici spring at the beginning of a hydrological event

(Photos: M. Blatnik).
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lake was initiated. The entrances to the caves Velika
and Mala Karlovica were closed with concrete walls
and a 30 m tunnel was built to connect Karlovica to the
surface. However, it had a minor impact on water re-
tention during dry periods (SHaw & Cuxk 2015).

Rakov Skocjan karst window

Between Cerknisko and Planinsko Polje, the water sur-
faces in an about 1.5 km long and 200 m wide karst val-
ley (karst window) Rakov Skocjan (Figure 12). On the
upstream side (SE) the water emerges as the Rak River
from the cave ZelSke Jame. Zel$ke Jame is about 5 km
long. The breakdown below the collapse doline of Ve-

lika Sujca prevents cavers to connect the cave to Karlo-
vica cave system, which drains water from Cerknisko
Polje. The entrance area of Zelske Jame is a fragmented
system of channels and collapse dolines. The most
prominent feature is Mali Naravni Most (Small Natural
Bridge; Figure 13a), where an impressive narrow arch,
which was part of the former cave ceiling, crosses the
collapse doline (GaMs 2004).

Downstream, the valley widens and several springs
(Figure 13b) located along the SW side of the valley (e.g.
Kotli¢i, Prunkovec) form perennial or intermittent tribu-
taries of the Rak River. The valley narrows an impressive
natural bridge called Veliki Naravni Most (Big Natural
Bridge; Figure 14). The rocky arch is made of thick-bed-
ded and anticline-folded Lower Cretaceous limestone.

Figure 14: a) Flooded Rakov Skocjan Karst Valley in October 2020, b) Veliki Naravni Most (Big Natural Bridge) during dry period
in summer; and c) during high water event in winter (Photos: M. Blatnik; RI-SI-LifeWatch)
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After Veliki Naravni Most, the channel opensintoa
150 m long canyon that ends at the entrance to Tkalca
Jama, an almost 3 km long cave that drains the water
towards Planinsko Polje. The connections of the Rak
with the water from Cerknisko Polje and with the Unica
springs at Planinsko Polje have been proven by several
tracer tests under different hydrological conditions (Ga-
BROVSEK et al. 2010; RAVBAR et al. 2012). A narrow pas-
sage in Tkalca Jama acts as a flow constriction that
causes regular floodings of Rakov Skocjan. The floods
can reach a height of 19 m above the cave entrance (lo-
cated at 496 m a.s.l.), bringing large part of the Rakov
Skocjan under water (DROLE 2015; Figure 14a). Before
World War 1, Rakov Skocjan was a private park owned
by the Windischgratz family, while between the First

and Second World Wars the Italians used it as a military
site. Since 1949 Rakov Skocjan has been a Landscape
Park open to the public.

Planinsko Polje and Planinska Jama

Planinsko Polje is one of the finest examples of an
overflow structural polje (Gams 1978; SUSTERSIC
1996). The springs located on the southern side re-
charge the Unica River that sinks in two major outflow
zones located along the eastern and northern borders of
polje (Figure 15). The polje surface is slightly undulating
andabout 10 kmzlarge, with abottom elevation between
444.5 m and 450 m a.s.] (BLATNIK et al. 2017). Apart

Figure 15: Planinsko Polje and its surrounding area with the position of caves, springs, ponor zones and main gauging stations.
The upper right insert shows the regional position of the area in Slovenia.
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from the wetlands close to the Unica, the polje is used
for field crops and grass. Three settlements are located
on the elevated slopes around Planinsko Polje, which is
surrounded by forested karst plains at elevations be-
tween 520 mand 600 ma.s.l. and by mountains reaching
up to 1000 m a.s.l. after.

Planinsko Polje has formed along the Idrija Fault
Zone. Its southern and western borders mostly consist
of Upper Triassic Main Dolomite, while its two main
springs are located within a band of Cretaceous lime-
stone in the south. The average thickness of the allu-
vium cover is about 4 m (BREzZNIK 1961; RAVNIK 1976).
The polje bedrock base is dominantly Upper Triassic

Main Dolomite, whereas its eastern and northern sides
include most of the ponors and are composed of highly
karstified Cretaceous limestone (Car 1982).

Besides Planinska Jama, the most important re-
charge input is the spring of Malni (Malenscica River,
Q=11 mY% Q =67m’ Q =99ms
FRANTAR 2008), which receives water from Rakov
Skocjanand the Javorniki mountains. The Malnispring
is used as a water supply for more than 20,000 inhabit-
ants (PETRIC 2010). The Unica River flows rather unin-
terrupted over the polje’s surface for the first 7 km.
Along its course in proximity to the eastern border, it
loses water along a 2 km long reach due to the presence

Figure 16: Two of the many ponors draining Planinsko Polje. Left: Velike Loke located at the eastern border. Right: So-called
Putick’s Well (Putickova Stirna) located at the terminal outflow zone at the northern border (Photos: M. Blatnik).

of several groups of ponors and zones of intense leak-
age. The water sinks into well-expressed ponors, along
lines of diffuse discharge into fractures and small dis-
solutional openings, as well as into small blind valleys
entrenched into the sediment (Figure 16). A recent
study carried out by BLATNIK et al. (2017) revealed new
details on thelocation and capacity of the eastern ponor
zone, with a total outflow capacity of about 18 m?/sand
individual outflow ranging between 1.0 and 5.6 m*/s at
each group of ponors. After 2 km of flow along the east-
ern border, the river crosses the polje and follows the
western border. Then the Unica turns northeast to-
wards the second ponor zone that are distributed along
the polje northern border. The capacity of northern
group of ponors was estimated between 40 and 60 m*/s
(SUSTERSIC 2002).

Similar to Cerknisko Polje, Planinsko Polje can be
flooded up to several times per year (Kovacic & Rav-
BAR 2010). The period with the greatest probability that
an extreme flood occurs is the cold part of the year, tied
to the mid-autumn rainfall peak, winter rains and
snowmelting. Although historical data are difficult to
compare to current regular measurements, several ex-
treme floods have been recorded in the past such as in
1801, in 1851/52; when the water level presumably
reached an elevation between 456 and 458 m a.s.l.; and
in 1923 when water level reached 453.4 m a.s.l. (Gams
1980). In February 2014, the floods reached altitude of
453.2 m a.s.l. and 72 million cube meters of water were
stored in the polje (FRANTAR & ULAGA 2015). The lake
extended over 10.3 km* and more than fourty houses
and other facilities have been flooded (M1HEVC 2014).
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During the period between 1954 and 2014, high wa-
ters on the polje occurred on average 37.9 days per year
(RavBAR et al. 2021). The longest periods the polje has
been overflown were recorded in 1960 (altogether 137
days) and in 2014 (altogether 126 days). An event of high
waters lasts on average for ten days, but can also be aslong
as 78 days such as the flood that occurred in autumn and
winter 2000/01 (RAVBAR et al. 2021). To prevent extreme
floodingin Planinsko Polje, different measures have been
undertaken in the beginning of 20 century (PuTick
1889). They consisted to increase the outflow capacity of
the ponors zone by mean of different constructions to
prevent their plugging by flotsam (Figure 16).

In a recently published work, MAYAUD et al. (2019)
listed and tested the parameters that could potentially

control flooding in poljes. If the method is applied on
Planinsko Polje and focus on the high flood event of
February 2014, the role of ponor zones can be empha-
sized. Due to the sudden arrival of an important quan-
tity of melted water carrying a lot of flotsam, all the
ponors were plugged. This can explain the high ampli-
tude and long duration of the flood. This result is con-
firmed when comparing this flood with the high flood
of November 2014. Despite a much higher amount of
precipitation released within a similar time span, the
maximum stage in the polje that was three meters
lower than the flood of February 2014. The only expla-
nation is that all ponor zones have been cleaned in be-
tween (MAYAUD et al. 2019).

Figure 17: Planinsko Polje in different hydrological situations (Photos: M. Blatnik).
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Planinska Jama (Planina Cave) is a large spring
cave located on the southern edge of Planinsko Polje
(Figs. 18 & 19). The cave is about 6.6 km long and con-
sists mostly of large active river passages with cross-
sections larger than 100 m?.

The cave entrance is in Upper Cretaceous lime-
stones and dolomites. The entrance part and the Rak
Branch are developed in Lower Cretaceous bedded
limestones, limestones with chert and limestone brec-
cia. The Pivka Branch and the Rudolfov Rov (passage
south of the Rak Branch), on the other hand, are

formed in Upper Cretaceous massive limestone and
breccia with Caprinidae and Chondrodontae (HaBIC
1984). Both parts of the cave end with siphons that
have been dived but do not yet have a connection to the
upstream systems. However, the recent dives in the
final siphon of the Pivka Branch give justified hope
that a connection to the Postojnska jama cave system
could be established in the near future.

The cave is known to be the confluence of two im-
portant regional rivers (Figs 18, 19): the Pivka River,
which drains a large allogenic catchment through the

Figure 18: Map of the Unica catchment with explored cave systems, main springs and ponors, and assumed flow directions. The
pink frame delineates approximately the area that is further investigated. Inset: location of the Unica Spring in Slovenia.
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Postojnska Jama (GABROVSEK et al. 2010; KAUFMANN et
al. 2016; Kogovs$ek 2022) and reaches the confluence
with the cave via the Pivka Branch, and the Rak River,
which carries water from Rakov Skocjan and Cerknisko
Polje via the Rak Branch. Finally, a large amount of
water also flows into the Rak Branch via the siphon of
the Javornik Current, which is located below the Myste-
rious Lake (Figure 21) (KAUEMANN et al. 2020). The
water exits the cave under the common name Unica
River with a discharge between 0.2 and 90 m*/s (Kogov-
SEK 2022).

The different parts of the aquifer that feed the Unica
spring show considerable differences in water contribu-
tion (SavNIK 1960, KogovSEk 2022). During high water
conditions, there is a groundwater divide in the Javorni-
ki Mountains. The water discharges through the west-
ern, eastern and northern edges of the massif. Then the
nearby Malni Spring (Figure 18), which is mainly fed by
the autogenic Javorniki water and allogenic water from
the Rakov Skocjan reaches a maximum discharge of
9-10 m®/s (KoGov$EK 1999; Kovacic¢ 2010, 2011). As the
spring is damped, the Rak Branch is activated and acts

Figure 19: Planinska Jama. a) Cave entrance. b) Confluence of the Pivka and Rak Branches (Photos: M. Blatnik; RI-SI-EPOS).

Figure 20: Planinska Jama. a) example of typical large cave passage in the Rak Branch. b) recent diving exploration in the Mysteri-

ous Lake and Javornik Current (Photos: M. Blatnik).
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as an overflow, while the Unica spring also receives
water from the Pivka Branch. At low-flow, after the
Cerknisko Jezero is drained, the outflow is solely direct-
ed towards the Malenscica spring, while the Unica
spring is fed exclusively by the Pivka Branch (Kau-
FMANN et al. 2020, Kocov$ek 2022). The inversion of
the flow direction between the Mysterious Lake and the

Malenscica spring was numerically simulated with a
pipe flow model (KAUEMANN et al. 2020).

There are also differences in flow velocities between
low and high flow conditions (PETRIC et al. 2018). In
general, the apparent dominant flow velocities in the
karst aquifer are five times higher during high water
(between 20 and 25 m/h) than during low water condi-

Figure 21: Detailed view of the Rak Branch of Planinska Jama and cross-section of its terminal siphon in the Mysterious Lake

(Gams 2004; Kaufmann et al. 2020).

tions (~ 4 m/h). In the well-developed conduit networks
of Karlovica-Zelske Jame, Tkalca-Planinska Jama and
Postojnska-Planinska Jama, flow velocities were up to
fifty or even ninety times higher during high water (be-
tween 170 and 1000 m/h) compared to the velocities ob-
served during low water (~ 4-23 m/h) (PETRIC et al.
2018).

Groundwater flow between Planinsko Polje and
Ljubljanica Springs

Water level and temperature have been monitored in
all active caves between Planinsko Polje and Ljubljana
basin in years from 2006 to 2009 and from 2015 on
(Turk 2010; GABROVSEK & TUuRrRKk 2010; BLATNIK et al.

FOLIA BIOLOGICA ET GEOLOGICA 63/2 - 2022

53



GABROVSEK, MTHEVC, MAYAUD, BLATNIK & KOGOVSEK: SLOVENE CLASSICAL KARST: KRAS PLATEAU AND THE

Figure 22: Water level dynamic in selected caves between Planinsko Polje and Ljubljanica springs during high water event in
March and April 2018. Blue areas denote different response of water level change, orange area denotes temporal slower
increase(decrease of water level in cave Gradisnica.

Figure 23: Assumed grondwater flow directions between the northern ponors (Pod Stenami and Skofov Lom) and Najdena Jama
and Gradisnica.

54 | FOLIA BIOLOGICA ET GEOLOGICA 63/2 - 2022



‘ GABROVSEK, MIHEVC, MAYAUD, BLATNIK & KOGOVSEK: SLOVENE CLASSICAL KARST: KRAS PLATEAU AND THE ‘

2019). Data loggers are installed in 7 caves (Logarcek,
Vetrovna Jama, Najdena Jama, Gradi$nica, Gaspinova
Jama, Brezno pod Lipovcem, Veliko Brezno v Grud-
novi Dolini) and three ponors on the rim of Planinsko
Polje (Velike Loke, Pod Stenami, Skofov Lom). Figure 22
presents the recorded dynamics of underground water
in March and April 2018.

Water level measurements showed complex dynam-
ics in water level variations (up to 60 m, Figure 22) and
different rate of changes of groundwater level (from sev-
eral hours during increase to several weeks during de-
crease). The duration of the high water event is depen-

dent on the duration of flooding of Planinsko Polje (Fig-
ure 22). During all high water events there is different
response in water level increase. When the discharge of
the Unica River is increasing, water reaches different
ponor zones at different time (in Planinsko Polje first
eastern, then northern ponors), resulting in different re-
sponse in downstream located caves (Figs. 22 & 23). This
dynamic explains late response in cave Najdena Jama in
comparison to nearby located ponor zone Pod Stenami.
There, the water bypasses cave Najdena jama, which is
recharged through more apparent ponor zone Skofov
Lom (Figure 23). Water level hydrographs also shows in-

Figure 24: Main chamber of the cave Gradisnica during low water conditions. Dark colour on the rock wall indicates the position

of high water level (Photo: M. Blatnik).

flection points, presenting temporal slower increase/de-
crease of the water level. This dynamicindicate presence
of overflow passages at certain levels. Temperature and
EC hydrographs have been interpreted for the travel
time estimation between successive observation points.

The Springs of Ljubljanica River

The water of the Ljubljanica karst catchment emerges
at number of springs located near Vrhnika, at the rim

of the Ljubljana Basin. The line of spring generally fol-
lows the contact of Jurassic limestone and Quarternary
sediments underlain by Triassic dolomite (CELARC et al.
2013) (Figure 25). Most important springs are aligned
along the gradually retreating pocket valleys of
Mocilnik and Retovje. The springs at Mocilnik (Q, =
6-7 m’/s) feed Mala (=small) Ljubljanica and springs at
Retovije (Q, ~ 16 m?/s) feed Velika (= big) Ljubljanica,
the main tributaries related to karst springs of the Lju-
bljanica River. Easterly, another tributary Ljubija (Q =

6-7 m’/s) is also fed by several springs. The eastern-
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most set of springs at Bistra are already positioned in
Triassic dolomites and add on average 7 m*/s to the last
true karstic tributary of Ljubljanica. Mean annual dis-
charge of the Ljubljanica karst springs is about 24 m*/s
(GosPODARIC & HABIC 1976).

Temperature monitoring at springs have shown,
that major springs show similar temperature dynam-
ics, however, easternmost spring at Bistra differs quite
substantially from the others (Figure 26). The temper-
aturelagis higher and the hydrograph lacks short-time
disturbances. This indicates longer retention time
(BLATNIK et al. 2019). Water tracing in in 1970s also
revealed, that the direct flow from the Cerknisko Polje,
mostly goes to the Bistra springs (GOSPODARIC &
HaBIC 1976).

Collapse dolines in the hinterland of the ljubljanica
springs

Collapse dolines are large closed depressions formed
by subsidence and/or partial collapses of cave ceilings.
Large collapse dolines form in the crushed/fractured
zones above the main groundwater flow, where dissolu-
tional yield is high due to high (rock surface)/ (water vol-
ume) ratio (GABROVSEK & STEPISNIK 2011).

Between Logatec and Vrhnika several large collapse
dolines formed along the main drainage pathways of
underground Ljubljanica River (CELARC et al. 2013).
Table 1 lists the bottom elevations, and dimensions of
thelargest. Estimated volume of the biggest of them (Ve-
lika Drnovica) is around 1.6 million m?>.

Figure 25: Location of collapse dolines and Ljubljanica springs near Vrhnika.
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Figure 26: Temperature hydrographs at springs of Ljubljanica compared to the cave Gradisnica and Unica River.

Tab. 1: Some characteristics of collapse dolines along the main pathways of Ljubljanica River.

Name Bottom elevation (m) Radius (m) Average depth (m)
Velika Drnovica 409.0 157 106
Velika Jama 424.0 143 66
Mala Drnovica 520.0 101 60
Stranski dolec 457.0 90 69
Masletova Kolisevka 435.0 89 70
Srednja Lovrinova KoliSevka 443.0 96 57

Seven collapse dolines are located in the immediate
hinterland of the main Ljubljanica spring (Tab. 2, Figure
25). The bottoms are relatively levelled and covered with
over 30 m thick loamy sediment. The elevation of the

bottoms of all these dolines are within 10 m of each
other. Flooding has been observed in Grogarjev Dol.
The estimated volume of Paukarjev dol is about 1 mil-
lion m® (GABROVSEK & STEPISNIK 2011).

Tab. 2: Some characteristics of collapse dolines located in the near hinterland of the Ljubljanica springs.

Name Bottom elevation (m) Radius (m) Average depth (m)
Paukarjev Dol 297.3 125 55
Meletova Dolina 297.7 84 33
Grogarjev Dol 294.0 80 35
Tomazetov Dol 304.4 66 35
Babni Dol 295.0 58 27
Susmanov Dol 298.9 50 18
Nagodetov Dol 300.8 38 18
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STRATIGRAPHY AND STRUCTURE OF THE JULTIAN ALPSIN NW
SLOVENIA

STRATIGRAFIJA IN STRUKTURA JULIJSKIH ALP V
SEVEROZAHODNI SLOVENIJI

Spela GORICAN"*, Aleksander HORVAT"?, Duje KUKOC® & Tomaz VERBIC*

ABSTRACT
Stratigraphyandstructure ofthe Julian Alpsin N'W Slovenia
The Julian Alps belong to the eastern Southern Alps
where the South-Alpine and the Dinaric structures now over-
lap. In Mesozoic times, this area was part of the northeastern
Adriatic continental margin, which was facing the Neotethys
Ocean but was also close to the Alpine Tethys. The Mesozoic
distribution of basins and swells on the continental margin
determined variations in the stratigraphic record and also
controlled the structural evolution of the later thrust belt. The
most general tectonic subdivision in the Julian Alps is the dis-
tinction between the Tolmin nappes derived from the Slove-
nian Basin and the Julian nappes derived from the Julian High
anditssurroundings. This paper focuses on the Julian nappes.
The Mesozoic stratigraphic record is linked with the available
structural data to propose a robust subdivision in four nappes
that were emplaced in the early Paleogene. From bottom to
top these nappes and their corresponding paleotopographic
units are: The Tamar Nappe (Tarvisio Basin), the Krn Nappe
(western part of the Julian High) with the overlying Travnik
Thrust Sheet (Bovec Basin), the Jelovica Nappe together with
the Zlatna Klippe and the equivalent smaller klippen (eastern
Julian High) and the Pokljuka Nappe (Bled Basin).

The second part of the paper deals with the descrip-
tion of field-trip stops. The panoramic view from the moun-
tain ridge south of Lake Bohinj is presented to explain the
general structure of the Julian Alps. The second half of the
field-trip is devoted to the Jurassic and Cretaceous stratigra-
phy of the Bled Basin as the paleogeographically most internal
unit with clear affinities with the central Dinarides.

Key words: Mesozoic, Cenozoic, Southern Alps, Dina-
rides, stratigraphy, nappe structure
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1ZVLECEK
StratigrafijainstrukturaJulijskih AlpvseverozahodniSloveniji

Julijske Alpe so del vzhodnih Juznih Alp, kjer se danes kri-
zajo juznoalpske in starejSe dinarske strukture. V- mezozoiku je
biloozemljedelseverovzhodnegakontinentalnegarobaJadran-
ske plos¢e med Neotetido na vzhodu in Alpsko Tetido na zaho-
du. Razporeditev globokomorskih bazenov in relativno dvi-
gnjenih planotnamezozojskemkontinentalnem robuseodraza
v raznolikem stratigrafskem zapisu, od mezozojskih prelomov
in razlik v stratigrafskih zaporedjih pa je bil odvisen tudi na-
daljnji strukturni razvoj ozemlja. Generalno so Julijske Alpe
razdeljene na Tolminske in na Julijske pokrove. Stratigrafska
zaporedja Tolminskih pokrovov so bila paleogeografsko del
Slovenskega bazena, v Julijskih pokrovih pa so ohranjena zapo-
redja Julijskega praga in bazenov, ki so ga obkrozali. Poudarek
¢lanka je na Julijskih pokrovih. Na osnovi mezozojske strati-
grafije in obstojecih strukturnih podatkov predlagamo grobo
delitev Julijskih pokrovov na $tiri pokrove iz Dinarskega faze
narivanja, tako davsakemu pokrovuustrezadolo¢enamezozoj-
ska paleotopografska enota. Najnizji je Tamarski pokrov z za-
poredji Trbiskega bazena. Sledi Krnski pokrov (zahodni del Ju-
lijskega praga) s Travniskolusko oziroma zaporedjem Bovskega
bazena. Nad Krnskim pokrovom je Jelovski pokrov (vzhodni
del Julijskega praga), ki mu pripadajo $e Zlatenska plos¢a in
nekaj manjsih tektonskih krp. Strukturno najvisjije bil v paleo-
genu Pokljuski pokrov, sestavljen iz kamnin Blejskega bazena.

V drugem delu ¢lanka so opisane ogledne tocke ekskurzi-
je. Razgled z Vogla in Sije smo uporabili za razlago generalne
strukture Julijskih Alp. Druga polovica ekskurzije je posvece-
nastratigrafiji jurskih in krednih plasti Blejskega bazena, ki je
bil paleogeografsko relativno interna enota, po stratigrafiji
primerljiva z enotami centralnih Dinaridov.

Kljucne besede: mezozoik, kenozoik, Juzne Alpe, Dinari-
di, stratigrafija, pokrovna zgradba
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INTRODUCTION

The eastern Southern Alps (including the Julian Alpsin
NW Slovenia) are part of a complex, more than 300 km
long transition zone between the Alps and the Dina-
rides (Figure 1). Westwards, in northern Italy, an over-
lap of South-Alpine and Dinaric structures has been
established (DoGLIONT 1987; DOGLIONT & SIORPAES
1990) and a strong influence of Mesozoic stratigraphy
on the structural evolution of the thrust belt has been
demonstrated (DoGLIONT 1992; DoGLIONI & CARMI-
NATI 2008, and references therein). An overlap of the
Dinaric and younger Alpine structures was also con-
firmed at the boundary between the Southern Alps
and the Dinarides in Slovenia (PLACER & CAR 1998).
Recent studies revealed that the zone of interference
extends far eastwards to the Internal Dinarides in
northern Croatia (VAN GELDER et al. 2015).

The nappe system in the research area was derived
from the continental margin of the Adriatic microplate.
In the Middle and Late Jurassic, this part of the margin
was located between two oceanic domains: The Alpine
Tethys and the Meliata-Maliac-Vardar branch of the
Neotethys (in the sense of ScHMID et al. 2008) (Figure
2a). The Mesozoic successions consist of a variety of

facies ranging from platform carbonates to deep-ma-
rine radiolarian cherts. Due to extensive stratigraphic
research, the local basin-and-swell configuration of
the continental margin through the Mesozoic is now
relatively well known (GorICAN et al. 2012a with refer-
ences; GALE et al. 2015; GORICAN et al. 2018). On the
other hand, the complex structure and the polyphase
deformation history of the area have not been suffi-
ciently explored yet. Although several thrust faults
have been recognized by early researchers (e.g. Kos-
SMAT 1913; WINKLER 1923) and confirmed during the
systematic geological mapping at scale 1:100,000 (Jur-
KOVSEK 1986; BUSER 1987), a clear differentiation be-
tween the Paleogene (Dinaric) and younger structures
is still missing.

Theaim of this paper is to relate the well-established
Mesozoic stratigraphy to the present-day structure and
to propose a subdivision in which each Mesozoic paleo-
topographic unit (basin or swell) corresponds to a sepa-
rate thrust sheet of the initial Dinaric nappe stack. The
field trip will start south of Lake Bohinj at Mt. Sija
(1880 m altitude), which offers a nice view of the general
nappe structure in the Julian Alps. In the afternoon, the

Figure I: Eastern Southern Alps and adjacent tectonic units with the location of the Julian and Tolmin nappes. Abbreviations:
KA Karavanke Mountains, JA Julian Alps, KSA Kamnik-Savinja Alps.
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Jurassic — Cretaceous stratigraphy of the highest nappe,
the Pokljuka Nappe, will be visited. This stratigraphic
succession defines the Bled Basin, which occupied the
most internal position in the area and is characterized

by Lower Cretaceous ophiolite-bearing flysch-type de-
posits correlative to the Bosnian Flysch in the central
Dinarides.

Figure 2a: Paleogeographic map in the Late Jurassic (after SCHMID et al. 2020). The dashed rectangle indicates the location of

the map on the right (Ve = Venice).

2b: Local configuration of the Adriatic continental margin (Belluno Basin and Northern Adriatic Basin simplified according to
MASETTI et al. 2012). The colors in 2b correspond to the time of basin formation. The Bled, Slovenian and Bosnian basins
formed in the Middle Triassic and the Tarvisio Basin in the Late Triassic. The Belluno Basin subsided in the Hettangian and the
Northern Adriatic Basin around the Sinemurian—Pliensbachian boundary (MASETTI et al. 2012).

REGIONAL GEOLOGICAL SETTING

The Southern Alps are bounded to the north by the
Periadriatic Fault and extend southwards to the South-
Alpine front, where they are in direct thrust contact
with the External Dinarides (Figure 1). The Sava Fault,
a branch of the Periadriatic fault system, internally
separates the Julian Alps from the South Karavanke
Mountains and the Kamnik-Savinja Alps.

The Julian Alps are traditionally subdivided into
the Tolmin Nappe and the overlying Julian Nappe
(PLACER 1999; Figure 1). Since both consist of several
nappe units, it is preferable to use the names Tolmin
nappes and Julian nappes as collective plural terms.

The Tolmin nappes are composed of several su-
perposed E-W trending south-vergent second-order
nappes (Cousin 1981; Buser 1986, 1987). The strati-
graphic successions of these nappes are ascribed to
the Tolmin Basin (Cousin 1981), which represents the
western part of the Slovenian Basin (in the sense of
BUSER 1989). The sediments are typically deeper ma-
rine (shale, chert, pelagic limestone, carbonate turbi-
dites) from a Middle Triassic volcano-sedimentary
succession up to Campanian-Maastrichtian flysch.
The Mesozoic successions of the Tolmin nappes ex-

hibit a considerable thermal overprint (RAINER et al,,
2002, 2016).

The Julian nappes are stratigraphically more com-
plex and structurally less well known. The area is now
dominated by Triassic platform carbonates but deep-
water Jurassic-Cretaceous and also Upper Triassic sedi-
ments also exist. Significant lateral variations in thick-
ness and facies types indicate that the Julian nappes
originated from several paleotopographic units. The
Julian Carbonate Platform thatin the Jurassic evolved to
submerged submarine high, the Julian High (Buser
1996), and remnants of the surrounding basins are pre-
served.

The overall shape of the Julian nappes is an approx-
imately E-W oriented dish-like synform (PLACER 2009).
The Zlatna Klippe (Zlatnaplatte of KossMAT 1913) in the
central, highest part of the Julian Alps around Mt. Tri-
glav (Figure 3) is well differentiated and the sub-hori-
zontal contact with the underlying nappe is preserved.
In remaining portions of the Julian Alps, the nappe
structure is strongly obliterated by younger deforma-
tion. The area is dissected by a set of NE-SW striking
faults (JURKOVSEK 1986; BUSER 2009; GORICAN et al.
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Figure 3: Aerial view of the central Julian Alps towards south. The Zlatna Klippe is outlined in red.

2018). Some of these faults have a prominent reverse-
slip component. Well-exposed normal faults with the
same orientation have also been observed.

The NE-SW striking faults are cross-cut by sub-
vertical NW-SE oriented faults; some are evidently still
active as dextral strike-slip faults (KasTELIC et al. 2008;
ATtaNAckovV et al. 2021). The most prominent of these is

the Sava Fault whose right lateral displacement is esti-
mated at 30-60 km (VRABEC & FopoRr 2006) or even
70 km (PLACER 1996). These young faults are well-
marked on satellite and digital relief images and are
directly linked to the system of NW-SE dextral faults
in the External Dinarides (the Rasa, Idrija, Ravne and
Drazgose-Zuzemberk faults in Figure 1).

MESOZOIC STRATIGRAPHY OF THE JULIAN ALPS

An overview of the stratigraphic successions character-
istic of different paleogeographic units in the area is
presented graphically (Figure 4). Only the most dis-
tinctive formations are highlighted in the text but suf-
ficient references are cited to provide the relevant
source of more detailed information.

Since the study area was part of a continental
margin between the Alpine Tethys and the Neotethys
(Figure 2a), the correlative stratigraphic units exist in
the Southern Alps in Italy, in the Northern Calcareous
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Alps in Austria, in the Transdanubian Range in Hun-
gary and in the Dinarides. For a Triassic to end Creta-
ceous correlation of the Julian Alps with the neigh-
boring units in the Southern Alps (Trento Plateau and
Belluno Basin in Figure 2b) the reader is referred to
GORICAN et al. (2012a) and references therein. More
recent studies (GORICAN et al. 2018) focused on cor-
relation with the other three mountain chains that
preserve stratigraphic successions of Neotethyan af-
finity.
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Figure 4: Stratigraphic overview of different tectonic/paleogeographic units in the Julian Alps. The Tolmin nappes are repre-
sented by a single synthetic log because the successions of different thrust sheets are basically identical; only the thickness of
individual formations varies in relation to proximity of adjacent carbonate platforms. The Julian nappes, on the other hand,
show great variations in the stratigraphic record suggesting a complex topography of a submarine high surrounded by deeper
basins (a simple 2D sketch is presented below the stratigraphic logs). References to stratigraphy are given in the text.
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Three main paleotopographic units with their dis-
tinct stratigraphic record have been differentiated in
the Julian nappes (Figures 2b, 4) - the Tarvisio Basin,
the Julian High and the Bled Basin.

The sediments of the Tarvisio Basin are now ex-
posed in the Carnic Alps (NE Italy), in the NW Julian
Alps, and in the Southern Karavanke Mountains. The
most distinctive units of this stratigraphic succession
are the uppermost Julian-lower Tuvalian carbonate-
siliciclastic Tor Formation (formerly known as the
Raibl beds) and the upper Tuvalian to Rhaetian car-
bonates rich in organic matter and chert nodules
(GALE et al. 2015). Lower Jurassic rocks of this basin
consist of a thick pile of thin-bedded lime mudstone
and are exposed only in the Karavanke Mountains
(KrYSTYN et al. 1994). The Tarvisio Basin formed in
the Carnian apparently as a west-east oriented intra-
platform basin (GALE et al. 2015). In the Jurassic it may
have been connected to the Belluno Basin, which sub-
sided in the Hettangian (MASETTI et al. 2012).

The sediments of the Julian High rest upon a thick
pile of Upper Triassic to Lower Pliensbachian platform
limestones that constitute the core of the Julian nappes.
The post-Pliensbachian sections are all composed of
deeper-water facies but differ in thickness and the de-
gree of condensation.

Three characteristic successions are distinguished.
The most continuous succession, best exposed in the
Travnik structural unit at Mt. Mangart saddle, per-
tained to the deeply subsided block of the former car-
bonate platform; the term Bovec Basin designates this
paleogeographic unit (Cousin 1981). The succession
shows first a gradual transition from shallow to deep-
er-marine facies through the Pliensbachian and Lower
Toarcian that ends with a discontinuity surface. Black
shales with interbedded radiolarian-rich siliceous
limestone characterize the Lower Toarcian (GORICAN
et al. 2003; SMuc & GoRrIEAN 2005; SABATINO et al.
2009). This lower part is overlain by typical basinal de-
posits ranging in age from the Bajocian to the Early
Hauterivian (SMuc 2005; SMuc & GORIEAN 2005). The
most distinguishing Jurassic facies are oolitic mega-
beds (Member 2 of the Travnik Formation) evoking
the Vajont Limestone of the Belluno Basin in northern
Italy (e.g. BOSELLINT et al. 1981).

The strongly condensed Middle to Upper Jurassic
sections consist of Rosso Ammonitico type limestone
(the Prehodavci Formation) that does not exceed 20 m
in thickness; ferromanganese mineralisations are
common and mark distinctive discontinuity sufaces at
certain stratigraphic levels (Smuc 2005; Smuc & Rozi¢
2010). The overlying Biancone limestone also is a thin
(only a few meters thick) pelagic sequence. The con-
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densed Rosso Ammonitico type limestone was widely
deposited but is now poorly preserved with laterally
continuous exposures occurring only in the Triglav
Lakes Valley just below the thrust-fault contact with
the Zlatna Klippe.

The condensed Jurassic sections are in places asso-
ciated with up to several hundred meters deep neptuni-
an dykes filled with chaotic blocky breccias. Such brec-
cias are well known on Mt. Mangart (Smuc 2005; CRNE
et al. 2007) and at Luznica Lake (BaBi¢ 1981; CousIN
1981) but have been also mapped in other localities
west of the Zlatna Klippe (JURKOVSEK 1986; JURKOV-
$EK et al. 1990). The Scaglia variegata of Albian age
directly overlies the breccias in places (CousinN 1981;
GORICAN & Smuc 2004) and provides good age control
on the formation of these deep neptunian dykes. The
Scaglia variegata is followed by Turonian to Senonian
red pelagic limestone (Scaglia rossa) and by upper
Campanian — Maastrichtian flysch (Cousin 1981; Jur-
KOVSEK 1986; BUSER 1987; KocJjaNCIC et al. 2022).

The stratigraphy of the Julian High at its eastern
border is fundamentally different. The post-Pliensba-
chian succession is extremely thin, reduced to a few
meters of the Biancone limestone (Rozi¢ et al. 2014)
and is overlain by Lower Cretaceous mixed carbonate-
siliciclastic flysch-type deposits of the Studor Forma-
tion (GORICAN et al. 2018). This stratigraphically in-
complete succession and the age of flysch indicate the
transition to the Bled Basin.

The Bled Basin (Cousin 1981) formed during the
Middle Triassic rifting event. The entire upper Anisian
to Lower Cretaceous succession consists of deep-water
sediments. The more than 600 m thick Zatrnik Lime-
stone spans the long stratigraphic interval from the
Ladinian to the Lower Jurassic and consists mostly of
bedded micrite with chert nodules (Cousin 1981; Go-
RICAN et al. 2018; GALE et al.,, 2019, 2021). The lime-
stone is generally light gray, rarely reddish in color.
This limestone clearly contrasts with the time equiva-
lent formations of the Tarvisio Basin that are darker
(bituminous) and usually dolomitized. The Zatrnik
Limestone is overlain by Pliensbachian carbonate
breccia, Upper Bajocian to Lower Tithonian bedded
radiolarian cherts and shales, Upper Tithonian-Berri-
asian Biancone limestone ending with carbonate brec-
cia and calcarenite (the Bohinj Formation), marly
limestone with scarce siliciclastic admixture, and fi-
nally Berriasian?-Hauterivian mixed carbonate-silici-
clastic turbidites with ophiolite debris (the Studor For-
mation) (GORICAN et al. 2018, with references). It is
well established that the Lower Cretaceous flysch of
the Julian Alps corresponds to the Bosnian Flysch (Co-
UsIN 1981; Kukoc¢ et al. 2012). Moreover, the entire
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succession is in good agreement with that of the me-
dian Bosnian Zone in the central Dinarides (GORICAN
et al. 2018).

The Mesozoic stratigraphy of the Tolmin nappes is
typical of a deep basin that also formed in the Middle
Triassic and persited until the end of the Cretaceous.
The Triassic to Cretaceous stratigraphy and sedimen-
tary evolution have been described in great detail in
several recently published papers (Rozi¢ 2009; Rozi¢
et al. 2009, 2017, 2018; GALE 2010, GALE et al., 2012;
GORICAN et al. 2012a, b). Paleogeographically, the area
belonged to the Tolmin Basin, which was located be-
tween the Julian Carbonate Platform / Julian High and
the Dinaric Carbonate Platform. The Tolmin Basin is
regarded as the western part of the Slovenian Basin
(sensu CousiN 1970 and BUseRr 1989), which is now ex-
posed in a longer facies belt running in W-E direction
through all of central Slovenia. In the Tolmin Basin,
the onset of flysch-type deposits is, similar to the west-
ern Julian High, dated upper Campanian to Maas-
trichtian (CARON & CoUsIN 1972; CousIN 1981; BUSER
1987). In the underlying succession, we note the upper
Aptian to Turonian Lower flyschoid formation, which
is composed of basal calcareous breccia, shale, marl,

and limestone turbidites but devoid of sand-sized si-
liciclastic material and cannot be considered flysch in
the proper sense (CARON & CoUSIN 1972).

In summary, we can emphasize that flysch depos-
its of the Julian Alps are clearly related to two separate
orogenic phases. Their distribution allows us to dis-
tinguish a relatively internal Dinaric sector with
Lower Cretaceous flysch and a more external sector
where the oldest flysch is Campanian-Maastrichtian
in age (Figure 4). The two orogenic phases have been
well documented throughout the Dinarides and Hell-
enides (ScHMID et al. 2020, with references). The first
phase started with emplacement of ophiolites on the
Adriatic continental margin; deep-sea foreland basins
were then created in front of the obducted ophiolite
nappes and filled with flysch-type deposits from the
Tithonian-Berriasian (MIKEs et al. 2008). The second
phase was related to the Late Cretaceous — Paleogene
continental collision of the African and Eurasian
plates. The widespread flysch sedimentation of Cam-
panian age in all the internal Dinarides marks the be-
ginning of this tectonic phase (NIRTA et al. 2020;
ScHMID et al. 2020) with deformation that propagated
towards SW and continued to the Eocene.

MAIN STRUCTURAL ELEMENTS

The initial nappe structure related to the Dinaric
thrusting phase was strongly controlled by inherited
Mesozoic normal faults and facies variations across
these faults. Based on the compiled stratigraphic data
and available structural evidence we present a general-
ized tectonic map and a profile perpendicular to the
NE-SW trending faults (Figures 5a, b). A tentative re-
construction of the Dinaric-phase nappe emplacement
is also presented (Figure 6).

The present-day morphology of the Julian nappes is
mainly determined by the deformation along steep re-
verse and normal faults. Except for the central part of
the study area and a few other exceptions (Figure 5a) the
initial nappe contacts are located below surface and the
boundaries among different nappes in map-view now
coincide with the post-nappe faults. The structural ele-
ments of the South-Alpine contraction phase are clearly
differentiated from the first-phase nappe contacts and
are generally easy to recognize in the field, especially
when well-bedded lithologies (e.g. the Dachstein lime-
stone) are involved. Some typical examples are illustrat-
ed in Figures 7 to 9. A well-defined distinction among
different stratigraphic successions as shown in Figure 4
is also of prime importance to map the nappes.

The Pokljuka Nappe is the highest of the Julian
nappes but is now preserved only in a relatively sub-
sided block, separated by steep boundary faults from
the originally underlying nappe (GORICAN et al. 2018).
GoRICAN et al. (2018) suggested that the previously de-
fined Krn Nappe (BUser 1986) could be subdivided
into two nappes - the lower (western) Krn Nappe sensu
stricto and the upper (eastern) Krn Nappe, which di-
rectly underlies the Pokljuka Nappe. Here we retain
this distinction but, instead of the “eastern Krn Nappe”,
we use the name Jelovica Nappe, a name that was pre-
viously applied to the southeastern part of this struc-
tural unit (GRAD & FERJANCIC 1976; DEMSAR 2016).

The Zlatna Klippe was possibly connected to the
Jelovica Nappe as suggested by its structural position
on top of the Krn Nappe (Figure 5a). Stratigraphically
it is less distinctive because it is composed almost ex-
clusively of the upper Ladinian-Carnian massive car-
bonates of the Schlern Formation; only at Begunjski
vrh along the northern contact of this klippe, some
meters of heavily folded older Ladinian rocks (bedded
limestone, sandstone and tuff) occur (Ramovs 1990).
Smaller Zlatna-type klippen, composed only of the
Schlern Formation are present west of the Zlatna
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Klippe (two are rather clear and are indicated in Fig-
ure 5a; one is illustrated in Figure 9a). The ViSevnik
Klippe (JurRkovSEk 1987), which now constitutes a
footwall syncline below a steep SE vergent reverse
fault (Figures 8a, b) can be also related to the Zlatna

Klippe. The oldest rocks of this klippe are Lower Tri-
assic brownish-gray fossiliferous marly limestones
(KoLAR-JURKOVSEK et al. 2013), in classical stratigra-
phy of the Southern Alps known as the Campil beds of
the Werfen Formation. The well-exposed contacts of

Figure 5a: Generalized tectonic map with emphasis on subdivision into Dinaric-phase nappes (solid triangles - Dinaric-phase
nappe contacts; empty triangles — high- and low-angle reverse faults of the South-Alpine phase). The numbers in circles corre-
spond to localities shown in Figures 7 to 9 (1 = Tamar Valley, 2 = Visevnik, 3 = Jezero v Luznici-Rdeci rob) and to the field-trip

stops (81 and S2).

5b: Profile AB perpendicular to the NE-SW trending post-nappe faults. Note that the reverse faults are doubly-verging: they are
directed towards SE to S in the eastern part of the study area and have the opposite direction NW of the Zlatna Klippe.
Based mainly on Geological Map of Slovenia 1:250,000 (BUSER 2009). The Pokljuka Nappe in Figure 5a and the south-eastern

half of the profile in Figure 5b are from GORICAN et al. (2018).
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Figure 6: Tentative reconstruction after the Dinaric-phase nappe emplacement and its relation to pre-orogenic topography. The
back-thrusting of the Travnik thrust sheet (the type locality of the Bovec Basin stratigraphy) is suggested by its position on top of
the condensed succession of the western Julian High as demonstrated on Mt. Mangart (Smuc 2005; see Figure 5a for the location
of Mt. Mangart). The contact between the Krn and Tamar nappes is visible in the entire SE wall of the Tamar Valley (Figure 7a,
see also Figure 8 in CELARC et al. 2013); the incompetent terrigenous sediments of the Raibl Group and the Norian-Rhaetian
marly carbonates were the main horizon allowing for the displacement along thrust fault that cut through the inherited Meso-

zoic normal faults.

the Zlatna Klippe and its equivalents thus suggest a
hanging-wall ramp position for the central Julian
Alps. The ramp cuts through the Lower Triassic to La-
dinian - Carnian succession of the upper nappe
whereas the underlying Krn Nappe in this central area
is quasi complete, preserved to the top of the Dachstein
limestone or even to the Jurassic-Cretaceous con-
densed facies.

The contact of the Krn Nappe with the underlying
structural unit is well exposed in the Tamar Valley
(Figure 7a) where the upper Tuvalian to Rhaetian
deep-water sediments of the Tarvisio Basin are thrust
by the Dachstein limestone (CELARC et al. 2013). This
north-verging thrust was first interpreted as a possible
continuation of the Val Resia-Val Coritenza back-
thrust (CELARC et al. 2013; GALE et al. 2015), known
from the Italian part of the Julian Alps as an E-W
striking Alpine-phase backthrust (VENTURINI & Ca-
RULLI 2002; MERLINT et al. 2002; PoNTON 2002). The
completely different Upper Triassic facies below and
above the thrust plane in the Tamar Valley (basin vs.
carbonate platform, Figure 7a) indicate a different pa-
leogeographic location of the two thrust blocks in the
Mesozoic and suggest that this thrust belongs to the
group of pre-existing Dinaric thrusts. The Dinaric

thrust could then have been steepened and probably
dextrally rotated during the later Alpine phase.

The stratigraphic succession of the Bovec Basin
overlying the Julian Platform (see the 3™ column in
Figure 4) is limited to a tectonically complicated area
near the Slovenian-Italian border (Figure 5a). On Mt.
Mangart, this succession forms a separate Travnik
Thrust Sheet on top of the massive Dachstein lime-
stone (Smuc 2005). The plausible explanation for this
tectonic superposition is a Dinaric-phase backthrust
along an inverted Mesozoic normal fault that was dip-
ping opposite to the dip of normal faults in the eastern
part of the Julian High (Figure 6). This original geom-
etry was cross-cut by steep reverse faults and was heav-
ily folded during the Alpine contraction (for photo-
graphs of folds and a detailed map see Smuc 2005).

The Tolmin nappes (paleogeographically the Slo-
venian Basin) are a composite south-verging tectonic
unit between the External Dinarides below and the Ju-
lian nappes above (Figures 1, 5a). Individual nappes
within this system are largely discontinuous laterally
but allow a general subdivision into three superposed
units. From bottom to top these are the Podmelec
Nappe, the Rut Nappe and the Kobla Nappe (BUSErR
1986, 1987). The generally E-W striking thrust faults
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Figure 7: Dinaric and South-Alpine deformation in the Tamar Valley, locality no. 1 in Figure 5a.
7a: Dinaric-phase thrust contact between the deep-water Norian-Rhaetian limestone of the Tamar Nappe and the Dachstein

limestone of the Krn Nappe; SE wall of the Tamar Valley. 7b: Post-nappe north vergent reverse fault in the Dachstein limestone
of the Krn Nappe; W wall of the Tamar Valley.

Figure 8: Visevnik Klippe, locality no. 2 in Figure 5a.

8a: Panoramic view of the Dinaric thrust plane; the Werfen Formation lies on top of the Dachstein limestone. This thrust plane
was bent during the South-Alpine shortening along steep SE directed reverse faults.

8b: The same locality seen from NW to SE. The thrust plane separating the Werfen and the Dachstein formations is easily
visible.
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(Buser 1986) indicate that the Tolmin nappes mainly  Further structural analysis could unravel an older de-
resulted from the N-S, i.e. South-Alpine shortening.  formational phase but has not been carried out yet.

TIMING OF TECTONIC EVENTS

The nappe emplacement can be broadly attributed to larity in stratigraphy and facies between the Bled Basin
the Maastrichtian to Eocene top-to-SW thrusting  and the Bosnian Basin, a pre-Maastrichtian emplace-
phases observed throughout the Dinarides (TAR1 2002;  ment of the Pokljuka Nappe is unlikely although the
IL1¢ & NEUBAUER 2005; SCHMID et al. 2008, 2020; Z1-  Upper Cretaceous deposits are actually missing. The
BRET & VRABEC 2016). Considering the striking simi-  Upper Campanian — Maastrichtian flysch deposits of

Figure 9: Jezero v Luznici — Rdeci rob, locality no. 3 in Figure 5a.

9a: Panoramic view showing 3 phases of deformation: 1= Dinaric thrust (Schlern Formation on top of the Dachstein limestone);
2 = steep reverse fault of the South-Alpine phase; 3 = younger normal fault.

9b: Enlargement of the fold in the Scaglia rossa; 2nd deformation phase.

9c: C-S structures in the Scaglia rossa indicate top-to-the-south sense of shear that is compatible with the thrusting direction of
the Julian nappes over the Tolmin nappes (see Figure 5a).
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the Julian High and the Slovenian Basin (Figure 4)
were not necessarily shed coevally with the emplace-
ment of the Pokljuka Nappe but may have originated
from a more internal part of the Dinarides. The upper
age limit for the emplacement of the Julian nappes is
provided in the Southern Karavanke Mountains by
middle Eocene molasse-type deposits with abundant
mollusks (M1kUZ 1979).

The first post-nappe contraction, reflected in
NE-SW striking reverse faults can be attributed to the
late Oligocene-early Miocene southward to SE-ward
South-Alpine thrusting (DoGLIONT 1987; DoGLIONT &
S10RPAES 1990; FopOR et al. 1998; CASTELLARIN &
CANTELLI 2000; BARTEL et al. 2014; vAN GELDER et al.
2015). South and east of the Zlatna Klippe the faults of
this group are associated with S to SE vergent folds,
whereas the folds and the steepened beds west and
north of the Zlatna Klippe have the opposite vergence
(Figures 5a, b; 7b). South of Bohinj, closer to the Tol-
min nappes, the faults are NW-SE trending and the
associated folds are S to SSW vergent. This pattern
suggests an overall pop-up structure and probably CW
rotation of internal smaller-scale fault blocks. The style
of deformation within the Julian nappes is predomi-
nantly brittle, determined by the thick pile of platform
carbonates. Larger-scale, low-angle thrusts were cre-
ated in the Tolmin nappes where the Mesozoic sedi-
ments of the Slovenian Basin were overridden by the
entire Julian nappe-stack and internally dissected into
several approximately E-W oriented thrust sheets.

The South-Alpine thrusting is generally thought
to have been associated with dextral transpression

concentrated on the Periadriatic (Insubric) Lineament
(DoGLIONT 1987; FODOR et al. 1998; BARTEL et al. 2014).
The shear zone in the study area encompasses the Ju-
lian nappes but most probably also includes the Tol-
min nappes. This zone between the Sava Fault and the
South-Alpine Front has a lenticular outline (Figure 5a)
and is comparable to the adjacent Sava-PAF “shear
lens” (VRABEC & Fopor 2006), which is composed of
the Southern Karavanke Mountains and the Kamnik-
Savinja Alps (Figure 1).

The subsequent short-lasting extension is evi-
denced by normal faults, which were documented at
several locations (e.g., CELARC & HERLEC 2007; GORI-
CAN et al. 2018) but the overall pattern of the exten-
sional structures throughout the Julian Alps has not
been determined. It is thus not yet clear to what extent
the normal faults were determined by the structures
inherited from the preceding contraction stage. The
event is ascribed to the Early-Middle Miocene exten-
sion widely documented in the Dinarides and classi-
cally interpreted in relation to the formation of the
Pannonian Basin (IL1¢ & NEUBAUER 2005; VAN GEL-
DER et al. 2015; ZIBRET & VRABEC 2016). The extension
was followed by a renewed shortening, which started
in the latest Miocene and is still active. The last stage of
deformation in the Julian Alps is the strike-slip reacti-
vation of both sets of pre-existing faults (GORICAN et
al. 2018). This deformation fits well into the recent in-
versive/transpressive tectonic phase, documented in a
wider South-Alpine — NW Dinarides territory (To-
MLJENOVIC & CsoNTOs 2001; BARTEL et al. 2014; Z1-
BRET & VRABEC 2016).

DESCRIPTION OF STOPS

Stop 1. General view on the Julian Alps from
Mt. Sija

(Location: N 46°14°19.237,
1880 m, Figure 10)

E 13°50°2.45, altitude

Mt. Sija is part of the Lower Bohinj Ridge, a high
mountain ridge south of Lake Bohinj. Its western part
belongs to the Krn Nappe (Figure 5a). The overall
structure of this ridge is a south-verging monocline,
which formed as a fault-propagation fold above the
thrust over the Tolmin nappes.

The upper Vogel cable car station offers a magnifi-
cent view to the north to the Bohinj area and to the
central Julian Alps with Triglav and other mountains
of the Zlatna Klippe (Figure 11). On a walk towards the
top of the ridge we will cross first the gently north dip-
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ping beds of the Dachstein limestone and then the
steeply south dipping beds of the southern limb of the
anticline. From the top of Mt. Sija almost the entire
ridge is visible (Figures 12, 13, 14). The morphological
contrast with vegetated low hills of the Tolmin nappes
is also apparent (Figure 13).

Stop 2. Jurassic and Cretaceous of the Bled Ba-
sin

The stratigraphy of the Bled Basin will be visited at
three nearby outcrops located north of Srednja Vas and
Studor, between the Ribnica Valley and the road to
Uskovnica (Figures 10, 15a, b).
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Stop 2.1 - The Ribnica Valley (Pliensbachian to Tithonian)
(Location: N 46° 18.190’, E 13° 54.821)

General description: The Lower Jurassic Ribnica Breccia
and the overlying Middle to Upper Jurassic radiolarian
cherts (Figure 15a) are best exposed at the first waterfall
in the Ribnica Valley. The lowermost part of the section

is composed of calcarenite with more than 50% echino-
derms and rare foraminifers. The calcarenite is followed
by a 0.5 m thick layer of greenish marly limestone and a
20 cm thick layer of reddish filament-bearing limestone,
which also contains echinoderms and foraminifers.
The Ribnica Breccia (Cousin 1981; Kuko¢ 2014)
consists of several beds. The first is 1 m thick and con-

Figure 10: Topographic map 1:50,000 of the Julian Alps around Lake Bohinj with location of field-trip stops SI and S2.
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Figure 11: Panoramic view from the upper Vogel cable car station to Lake Bohinj and the central part of the Julian Alps. The red
line indicates the contact between the Krn Nappe and the Zlatna Klippe. Dashed line means that the contact runs behind the
hills in foreground.

Figure 12: View from Mt. Sija towards west. The mountains in the foreground belong to the western part of the Bohinj Ridge
(see Figures 5a and 10 for location). The Dachstein limestone beds along the ridge are dipping steeply towards south to south-
west and constitute the forelimb of a larger fault-propagation fold, which was formed during the South-Alpine thrusting phase.
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Figure 13: View from Mt. Sija towards southwest (left of Figure 12). The difference between the Krn Nappe and the underlying
Tolmin nappes is well expressed in the landscape. Note the change in dip of the Dachstein limestone across the steep fault. The
beds are dipping towards south on Mt. Vogel and towards NW on Mt. Zabiski Kuk. This deviation can be ascribed to the
transpressive dextral shear that accompanied the general N-S directed shortening during the South-Alpine phase.

Figure 14: Oblique view from SE to the fault-propagation fold in the Dachstein limestone at the southern edge of the Krn Nappe.
The thrust contact with the Tolmin nappes below is indicated but is actually located just below the view of the photograph. The
change from SSW dipping beds on Mt. Vrh nad Skrbino to almost horizontal bedding is marked by a shelf (the hinge of the
syncline is indicated with a dashed red line). The opposite side of Vrh nad Skrbino is illustrated in Figure 12.
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Figure 15a: General stratigraphy of the Bled Basin. The stratigraphic position of stops 2.1, 2.2 and 2.3 is indicated.
15b: Detailed stratigraphy of the three stops with position of radiolarian samples and their assignment to UA Zones of BAUM-
GARTNER et al. (1995).
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tains limestone clasts up to 40 cm in size, but no chert.
The overlying bed is thinner (0.5 m) with smaller lime-
stone clasts. The upper part of the Ribnica Breccia is an
approximately 5 m thick chaotic bed containing large
limestone and chert clasts, and also irregularly shaped
folded layers of chert up to 1 m in size. The upper bed-
ding plane is in places silicified and covered by a 10 cm
thick horizon of gray marl. The topmost breccia bed is
0.5 m thick and contains a high amount of chert
(app. 50%) in the form of folded nodules and layers.

The most common microfacies of the breccia clasts
is bioclastic wackestone-packstone with abundant
echinoderms and foraminifers (e.g., Involutina liassica
(Jones)). Ammonite and gastropod shells also occur.
Some clasts are wackestones with radiolarians and
sponge spicules. Glauconite grains are rare but present
throughout the Ribnica Breccia.

The overlying succession is dominated by radio-
larian chert (Figure 15b). It starts with a 6 m thick
slumped interval of dark-green bedded chert. The
shale interlayers constitute less than 10% of the se-
quence. The transition to the overlying bedded chert is
not exposed; presumably mostly shales occur in this
covered interval. The upper part of the succession con-
sists of dark-brownish-red bedded chert and shale. The
content of shale in this part of the succession is high
and reaches up to 60%. Individual chert beds are 3 to
5 cm thick and generally laminated. In places, normal
grading and channel structures clearly indicate that
the chert beds were deposited as low-density turbid-
ites. In the upper part of the section carbonate content
increases again. Gray laminated siliceous-limestone
beds, up to 10 cm thick, are intercalated in the dark-
gray shale. Limestone microfacies is wackestone-pack-
stone with radiolarians and sponge spicules. Parallel
lamination and normal grading again indicate deposi-
tion as low-density turbidites. The content of shale de-
creases upsection and the succession ends with thin-
bedded laminated siliceous radiolarian-bearing lime-
stones. The entire thickness of the laminated lime-
stones is estimated to 50 m but is not visible at this
outcrop.

Age: The diagnostic foraminifer Involutina liassica
(Jones) in the breccia clasts indicates an Early Jurassic
age. The maximum range of this species is from the
Upper Norian to the lowermost Toarcian (BASSOULLET
1997). Based on regional stratigraphic correlations, the
Pliensbachian is the most probable age of the Ribnica
breccia. The slumped cherts above the breccias yielded
a latest Bajocian to early Bathonian radiolarian assem-
blage (UA Zone 5 of BAUMGARTNER et al. 1995) based
on the occurrence of Hemicryptocapsa tetragona (Mat-
suoka). These two age constraints suggest that a sig-

nificant stratigraphic gap occurs between the Ribnica
Breccia and the overlying radiolarian cherts. The
upper part of the chert/shale succession in the Ribnica
Valley is dated as early to early late Tithonian (UA
Zone 12) based on co-occurrence of Protunuma japo-
nicus Matsuoka & Yao and Eucyrtidiellum pyramis
(Aita).

Stop 2.2 - Along the road from Srednja vas to Uskovnica
(Tithonian and Lower Cretaceous)
(Location N 46° 17.992°, E 13° 55.069°)

General description: An approximately 40 m thick sec-
tion of pelagic limestones, including carbonate gravi-
ty-flow deposits (Figure 15b), is exposed along the road
from Srednja Vas to Uskovnica. This section is subdi-
vided into three lithostratigraphic units: 1) the Bian-
cone limestone; 2) carbonate gravity-flow deposits (the
Bohinj Formation); and 3) siliceous limestone with
marl.

The Biancone limestone is characterized by thin-
to medium-bedded light gray to white limestone with
individual beds up to 20 cm thick; up to 5 cm thick
discontinuous beds of dark-gray chert and irregularly
shaped chert nodules are common. Intercalations of
marl are also present. The predominant microfacies
are radiolarian-rich wackestone and packstone with
parallel lamination in some layers. In some places,
normally graded calcarenites occur as several centime-
ters thick intercalations in micrite beds and contain up
to 5 mm large intraclasts of wackestone with radiolar-
ians and chert clasts in the basal part.

The second lithostratigraphic unit is the Bohinj
Formation (Kukoc et al. 2012). At the type locality, the
Bohinj Formation consists of 3 m of carbonate breccia
and 4 m of calcarenite. Slump folds are present in the
breccia. The calcarenite is massive and shows no inter-
nal folding or bedding.

The third lithostratigraphic unit is reddish sili-
ceous limestone similar to the Biancone limestone, but
with a higher proportion of marl and red color. At this
section the transition into overlying deposits is cov-
ered.

Composition of the breccia and calcarenite: The
breccia consists primarily of matrix-supported angu-
lar to subangular shallow-water carbonate clasts up to
2 cm in diameter. The matrix is radiolarian-rich lime
mudstone with sponge spicules and scarce calpionel-
lids. Most limestone clasts are bioclastic grainstones
and bioclastic-peloidal packstones. The skeletal grains
in these clasts are miliolid and textulariid foramini-
fers, echinoderm fragments and algal fragments. Clasts
of algal wackestone and oncoid packstone are also
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present but rare. The dasyclad algae Clypeina jurassica
Favre, characteristic of the upper Kimmeridgian to
lowest Berriasian, is found both in the clasts of algal
wackestone and in the form of isolated fragments. In-
traclasts of pelagic calpionellid wackestone with
sponge spicules and rare planktonic foraminifers are
also present. Callpionellid species Calpionella alpina
Lorenz, ranging from the late Tithonian to earliest Va-
langinian has been recognized. Single bioclasts are
common and include fragments of Clypeina jurassica
Favre, the green algae Cayeuxia, and fragments of
sponges, bryozoans, echinoderms and thick-shelled bi-
valves. Well-developed concentric and radial ooids
and oncoids are present as isolated grains. Rare chert
grains and lithic grains of igneous origin, including
basalt, also occur in the breccia.

Calcarenite is predominantly composed of shal-
low-water skeletal fragments and lithoclasts similar to
those found in the breccia. Lithic grains of igneous
origin, grains of chert and opaque grains are present
but are less abundant than carbonate components.

The microfacies analysis reveals that the main
source area of the resedimented limestone was a pene-
contemporaneous carbonate platform. Limestone
clasts and isolated grains from the outer platform pre-
vail, but lagoonal facies (algal wackestone) is also pres-
ent. Grains of basalt indicate ophiolitic origin.

Age: Radiolarians from the Biancone limestone
below the Bohinj Formation indicate a latest Tithonian
to earliest Berriasian age (UA Zone 13) based on co-
occurrence of Eucyrtidiellum pyramis (Aita) with His-
cocapsa kaminogoensis (Aita), Parapodocapsa furcata
Steiger and Praeparvicingula columna (Rist). Radiolar-
ians in samples above the Bohinj Formation may range
into the early Valanginian, with Fultacapsa tricornis
(Jud) having the shortest range (UA Zones 13-16). Typ-
ical genera first appearing in the late Valanginian (e.g.
Cana, Crolanium and Pseudocrolanium) have not been
found.

Significance for local paleogeography: The Bohinj
Formation provides evidence of a carbonate platform
that must have been located more internally but is now
not preserved. This inferred platform (named the Bo-
hinj Carbonate Platform by Kukoc¢ et al. 2012) may
have developed on top of a nappe stack that formed
during the early emplacement of the internal Dinaric
units onto the continental margin. The platform cor-
relates regionally with genetically similar isolated car-
bonate platforms of the Alpine - Dinaride - Carpath-
ian orogenic system, e.g., with the Plassen Carbonate
Platform in the Northern Calcareous Alps (GAwLICK
& SCHLAGINTWEIT 2006) and the Kurbnesh Carbonate
Platform in Albania (SCHLAGINTWEIT et al. 2008).
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Stop 2.3 - Along the road from Srednja vas to Uskovnica
- Vrcica Gorge (Lower Cretaceous)
(location N 46° 17°50.51%, E 13° 5449.48°)

General description: Mixed carbonate-siliciclastic de-
posits of the Studor Formation (Kuko¢ 2014, GORICAN
et al. 2018; Figure 15b) are exposed in the Vrcica Gorge.
By its lithological characteristics the Studor Formation
represents a unique and easily distinguishable
lithostratigraphic unit in the wider area. The forma-
tion starts with 5-10 cm thick beds of light gray radio-
larian wackestone/packstone intercalated with thin-
bedded sandstone, which is less frequent in the lower
part of the formation. Calcarenite beds are rare. Mi-
crite beds in places contain chert. In the upper part of
the formation the proportion of marl is higher and mi-
crite and calcarenite beds are subordinate to sand-
stone. Thickness of sandstone beds in this part reaches
up to 1 m. Horizontal and cross lamination is observed.
The uppermost part of the formation is composed of
two olistostrome layers composed of centimeter- to
meter-sized blocks of different litologies in a dark gray
sandy matrix. Laminated micritic limestone with ra-
diolarians (Biancone facies) prevails among these olis-
tolithes. Carbonate breccia with limestone and chert
clasts is also present as well as smaller, decimeter-sized
clasts of dark green and red chert.

Composition of sandstone: Carbonate lithic grains
prevail in sandstone (approximately 40% of all lithic
grains). Most are small micrite grains, however larger
grains of peloidal and bioclastic grainstone and pack-
stone also occur. Isolated bioclasts and echinoderm
fragments are rare. Non-carbonate components in-
clude predominantly fragments of mafic rocks. Grains
of basalts with intersertal and spherulitic texture pre-
dominate. Grains of serpentinite, chert, amphibolite,
phyllites, quartzite, granitoid rocks and grains of
quartz sandstone are also present. Quartz grains rep-
resent approximately 10-20% of grains and are mostly
monocrystalline, however polycrystalline quartz of
metamorphic origin also occurs. Heavy minerals make
up less than 10% of all grains. The sandstone matrix is
micritic with admixture of clay component.

Sandstones of the Studor Formation were deposit-
ed by turbidity currents. Composition of sandstone
indicates a composite source of material. Shallow-wa-
ter carbonate clasts, specially isolated bioclasts indi-
cate proximity of an active carbonate platform while
siliciclastic admixtures indicate erosion of ophiolites
and underlying metamorphic soles. Olistostromes
were deposited as a debris-flow.

Age: Radiolarian samples from the lower part of
the Studor Formation yielded poorly preserved radio-
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larian faunas assigned to a relatively broad range from
the latest Tithonian-earliest Berriasian (UAZ13) to the
latest Valanginian-earliest Hauterivian (UAZ18) based
on the occurrence of Svinitzium depressum (Baumgart-
ner). Similar as below, typical genera first appearing in

the late Valanginian have not been found. This may in-
dicate that the lower part of the Studor Formation is of
late Berriasian to early Valanginian age. Valanginian-
Hauterivian age of the Studor Formation was previ-
ously obtained with nannoplankton (BUsgr et al. 1979).
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MESOZOIC BASINS ON THE ADRIATIC CONTINENTAL
MARGIN - A CROSS-SECTION THROUGH THE DINARIDES IN
MONTENEGRO

MEZOZOJSKI BAZENI NA KONTINENTALNEM ROBU
JADRANSKE PLOSCE - PRESEK CEZ DINARIDE V CRNI GORI

Spela GORICAN"?, Martin DAKOVIC?, Peter O. BAUMGARTNER?, Hans-Jiirgen
GAWLICK?, Tim CIFER"?, Nevenka DJERIC®, Aleksander HORVAT"?, Anja KOCJANCIC"?,
Duje KUKOC’ & Milica MRDAK™®

ABSTRACT
Mesozoic basins on the Adriatic continental margin - a
cross-section through the Dinarides in Montenegro

The Dinarides, together with the Albanides and Hell-
enides, preserve stratigraphic successions derived from the
eastern margin of the Adriatic microplate and remnants of
ophiolites obducted from the Maliac-Vardar branch of the
Neotethys Ocean. The main stages in the Mesozoic geody-
namic history are: 1) rifting leading to opening of the Maliac
Ocean in the Late Anisian, 2) onset of an east-dipping intra-
oceanic subduction in the Early-Middle Jurassic and sea-
floor spreading in a supra-subduction setting (Vardar
Ocean), 3) formation of ophiolitic mélanges in trench-like
basins, westward obduction of young supra-subduction
ophiolites in the Middle-Late Jurassic and accumulation of
flysch-type deposits in foreland basins in the latest Jurassic
to Early Cretaceous, 4) subaerial exposure of the newly
formed nappes followed by middle to Late Cretaceous trans-
gression, and 5) continental collision in the Maastrichtian
and Paleogene. On the continental margin, the Middle Tri-
assic to Early Jurassic extension created a complex horst-
and-graben geometry that is apparent in the stratigraphic
record. The present day NW-SE striking tectonic units are in
rough accordance with the Mesozoic paleogeography.
Hence, the inferred configuration for the most complete SW
to NE transect through Montenegro and Serbia is as follows:

http://dx.doi.org/10.3986/fbg0099

1ZVLECEK
Mezozojski bazeni na kontinentalnem robu Jadranske
plo$ée - presek ¢ez Dinaride v Crni gori

V Dinaridih, Albanidih in Helenidih so ohranjena stra-
tigrafska zaporedja vzhodnega roba Jadranske mikroplosce
in ostanki ofiolitov, narinjenih na kontinent iz oceana Mali-
ak-Vardar, ki je bil del Neotetide. Glavne stopnje v mezozoj-
ski geodinamicni evoluciji tega ozemlja so bile: 1) rifting, ki
je v zgornjem aniziju privedel do odprtja oceana Maliak, 2) v
spodnji do srednji juri zacetek intraoceanske subdukcije in
raztezanje oceanskega dna v suprasubdukcijskem okolju
Vardarskega oceana, 3) v srednji do zgornji juri formacija
ofiolitnega melanza v jarkom podobnih bazenih in obdukci-
ja mladih suprasubdukcijskih ofiolitov proti zahodu ter na
koncu jure in v spodnji kredi akumulacija flisnih sedimen-
tov v predgornih bazenih, 4) emerzija novo nastalih pokro-
vov in nato transgresija v srednji do zgornji kredi, 5) kolizija
kontinentov v maastrichtiju in paleogenu. Kontinentalni rob
se je med ekstenzijo od srednjega triasa do spodnje jure dife-
renciral na horste in grabne, kar se odraza v stratigrafskem
zapisu. Danasnje NW-SE usmerjene tektonske enote v Dina-
ridih se v grobem ujemajo z mezozojsko paleogeografijo, iz
Cesar sklepamo, da je bila konfiguracija kontinentalnega
roba v pre¢nem preseku ¢ez Crno goro in Srbijo naslednja:
Dalmatinska karbonatna platforma, Budvanski bazen, kar-
bonatna platforma Visokega Krasa, Bosanski bazen, Durmi-

1 7ZRC SAZU, Paleontologki institut Ivana Rakovca, Novi trg 2, SI-1000 Ljubljana, Slovenia. spela.gorican@zrc-sazu.si; tim.cifer@
zrc-sazu.si; aleksander.horvat@zrc-sazu.si; anja.kocjancic@zrc-sazu.si

2 Podiplomska Sola ZRC SAZU, Novi trg 2, SI-1000 Ljubljana, Slovenia.

? Geological Survey of Montenegro, Jaglike Adzi¢ bb, 81000 Podgorica, Montenegro. comanski@gmail.com; mrdak.milica@

yahoo.com

4 Institut des Sciences de la Terre ISTE, Université de Lausanne, Géopolis, CH-1015 Lausanne, Switzerland. peter.baumgartner@

unil.ch

® Montanuniversitaet Leoben, Department of Applied Geosciences and Geophysics, Petroleum Geology, Peter-Tunner Strasse 5,
8700 Leoben, Austria. E-mail: Hans-Juergen.Gawlick@unileoben.ac.at

® University of Belgrade, Faculty of Mining and Geology, Kamenicka 6, 11000 Belgrade, Serbia. nevenka.djeric@rgf.bg.ac.rs

7 Hrvatski geologki institut, UL Milana Sachsa 2, HR-10000 Zagreb, Croatia. dkukoc@hgi-cgs.hr

FOLIA BIOLOGICA ET GEOLOGICA 63/2, 85-150, LJUBLJANA 2022



86

S. GORICAN ET AL.: MESOZOIC BASINS OF THE SOUTHERN DINARIDES, MONTENEGRO

The Dalmatian Carbonate Platform, the Budva Basin, the
High Karst Carbonate Platform, the Bosnian Basin, the Dur-
mitor High, the Lim Basin, the Drina-Ivanjica High, and the
deep-marine distal continental-margin domain.

We present a short description of the stratigraphy for
these tectonic/paleogeographic units and discuss their possi-
ble connection with other units of the Dinarides and Hell-
enides. The field guide focuses on deep-water deposits, in
which radiolarians are the crucial tool for dating. We describe
the complete Mesozoic succession of the Budva Zone, the
Middle Triassic pelagic episode of the High Karst Zone, the
Upper Triassic and Jurassic pelagic rocks of the Lim Zone and
two localities with radiolarites associated with ophiolites.

The largest part of the guide is devoted to the Budva
Zone, a deeply rifted trough in the continuation of the Pin-
dos Basin. The Budva Zone with its external location in the
Dinaric orogen was a site of continuous pelagic sedimenta-
tion from the Middle Triassic to the end Cretaceous. Radio-
larites characterize the Middle Triassic, Hettangian-Sinem-
urian, Aalenian to Tithonian, and Hauterivian-Barremian
to lower Turonian; pelagic limestones prevail in the Upper
Triassic, Berriasian-Valanginian and upper Turonian to
Maastrichtian. Calcareous turbidites from the adjacent High
Karst Carbonate Platform are interstratified in all units and
completely replace radiolarites in the Pliensbachian.

Pelagic sequences also occur in the High Karst Zone,
but are confined to the Middle Triassic syn- and early post-
rift deposits. A 20 m thick unit of Middle Triassic nodular
limestone and radiolarite within shallow-water carbonates is
a typical example.

More internally, the western Cehotina Subzone of the
Lim Zone records pelagic sedimentation from the Middle
Triassic to early Cretaceous, when synorogenic mixed car-
bonate-siliciclastic deposition began. This zone has been less
investigated than the Budva Zone. A 100 m thick Norian to
Rhaetian succession of limestone with chert nodules is dated
with conodonts. A Callovian-early Oxfordian age of lime-
free cherts is determined with radiolarians. The Mihajlovici
Subzone that may have been part of the Drina-Ivanjica pa-
leogeographic unit shows Triassic shallow-water carbonates
and a Jurassic deepening upward sequence ending with Ox-
fordian radiolarites.

The last two field-trip stops show upper Bathonian-low-
er Callovian radiolarites in an ophiolitic mélange and upper
Anisian radiolarites in direct contact with basalt. These
ages, obtained in the south-westernmost ophiolite remnants
of the Dinarides, agree with previously documented ophiol-
ite ages in the wider region.

In comparison with the Southern Alps and the Apen-
nines, pelagic deposits of the Dinarides are characterized by
an earlier onset and considerably higher proportions of silica
with respect to carbonate throughout the Mesozoic. The Di-
naric basins were connected with the central Neotethys,
where the high fertility of surface waters enabled radiolarite
formation since the oceanisation (Anisian or earlier) until the
early Late Cretaceous, when planktonic foraminifera and cal-
careous nannoplankton began to dominate worldwide.

Key words: Dinarides, Neotethys, radiolarites, continen-
tal margin, ophiolitic mélange
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torski prag, Limski bazen, prag Drina-Ivanjica in globoko-
morski distalni kontinentalni rob.

V ¢lanku je najprej na kratko opisan stratigrafski razvoj
tektonskih oziroma paleogeografskih enot tega preseka in
domnevna povezava z drugimi enotami v Dinaridih in He-
lenidih. V nadaljevanju so opisane ogledne tocke ekskurzije
s poudarkom na globokomorskih sedimentnih kamninah,
ker so za dolocanje starosti teh kamnin radiolariji najpo-
membnejéi in pogosto edini fosili. Podrobno predstavljamo
celotno mezozojsko zaporedje Budvanske cone, srednjetria-
sno pelagi¢no epizodo v coni Visokega Krasa, zgornjetriasne
in jurske pelagi¢ne kamnine Limske cone in dve lokaliteti z
radiolariti v ofiolitih.

Najvecji del vodnika je posvecen Budvanski coni v Zu-
nanjih Dinaridih. V mezozoiku je bila ta cona globokomor-
ski jarek v nadaljevanju bazena Pindos s kontinuirano pela-
gi¢no sedimentacijo od srednjega triasa do konca krede.
Radiolariti so znacilni za obdobje srednjega triasa, hettangi-
ja in sinemurija, aalenija do tithonija ter hauterivija-barre-
mija do spodnjega turonija. Pelagi¢ni apnenci prevladujejo v
zgornjem triasu, berriasiju in valanginiju ter od zgornjega
turonija do maastrichtija. Karbonatni turbiditi, prineSeni s
sosednje karbonatne platforme Visokega Krasa, so interstra-
tificirani v vseh formacijah, v pliensbachiju pa prevladujejo
in popolnoma izpodrinejo pelagi¢ne sedimente.

Pelagi¢na zaporedja v coni Visokega Krasa so omejena
na sinriftne in zgodnje postriftne sedimente. Kot tipicen
primer predstavljamo 20 m debelo zaporedje srednjetriasnih
gomoljastih apnencev in radiolaritov znotraj plitvovodnih
karbonatov.

V bolj interni Limski coni je za podcono Cehotina zna-
¢ilna pelagi¢na sedimentacija od srednjega triasa do zacetka
krede, ko so se zaceli odlagati sinorogeni mesani karbona-
tno-siliciklasti¢ni sedimenti. Stratigrafsko zaporedje te pod-
cone do sedaj ni bilo podrobneje prouceno. V ¢lanku je prvic
datiran 100 m debel profil apnencev z gomolji rozenca, ki
smo ga s konodonti uvrstili v norij in retij. Z radiolariji smo
dokazali callovijsko do spodnjeoksfordijsko starost plastovi-
tih roZencev brez karbonata. V podconi Mihajlovi¢i je stra-
tigrafski razvoj podoben kot v enoti Drina-Ivanjica. Tria-
snim plitvovodnim karbonatom sledijo jurski apnenci, ki
kazejo na postopno poglabljanje sedimentacijskega okolja.
Zaporedje se konca z oxfordijskimi radiolariti.

V Crni gori so ohranjeni najbolj jugozahodno lezei
ostanki ofiolitov v Dinaridih. Zadnji dve tocki prikazujeta
bathonijske do spodnjecallovijske radiolarite v ofiolitnem
melanzu in zgornjeanizijske radiolarite v kontaktu z bazal-
tom. Te starosti se ujemajo z do sedaj znanimi datacijami v
ofiolitih Sirse regije.

V primerjavi z Juznimi Alpami in Apenini je za pelagi¢ne
sedimente Dinaridov znacilno, da so se zaceli odlagati prej in
da so skozi ves mezozoik vsebovali znatno visji delez kreme-
nice glede na karbonat. Dinarski bazeni so bili povezani s cen-
tralno Neotetido, kjer je visoka produktivnost povrsinskih
voda omogocala nastanek radiolaritov od oceanizacije (v ani-
ziju ali $e prej) do sredine zgornje krede, ko so po vsem svetu
zaleli prevladovati foraminifere in kalcitni nanoplankton.

Kljucne besede: Dinaridi, Neotetida, radiolariti, konti-
nentalni rob, ofiolitni melanz



S. GORICAN ET AL.: MESOZOIC BASINS OF THE SOUTHERN DINARIDES, MONTENEGRO

1 INTRODUCTION

The Dinarides, Albanides and Hellenides (Figure 1)
form a single mountain chain that shares a common
Mesozoic history of rifted continental margins of the
Adria microcontinent, facing branches of the Neoteth-
ys Ocean (STAMPFLI & BOREL 2004). After the closure

of the Paleotethys, at least two successive small branch-
es of the Neotethys opened during the Middle Triassic.
Towards the SW (W in present day coordinates) the
short-lived Pindos Ocean in the Montenegro transect
is merely represented by a deeply rifted trough, the

Figure I: Right: Tectonic map of the Dinarides—Hellenides after SCHMID et al. (2008, 2020, polygons courtesy of S. Schmid),
showing the continuity of large scale tectonic/paleogeographic units. Yellow rectangle marks location of inset to the left with

field stops marked 1-10.
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Budva Zone, whereas in southern Greece and Crete,
ophiolite remnants testify for an oceanic basement.

To the N (NE in present day coordinates) the main
branch of the Neotethys, called the Maliac Ocean by
many authors (FERRIERE et al. 2016) or Vardar by others
(ROBERTSON et al. 2013) or jointly Meliata-Maliac-Var-
dar (ScaMID et al. 2008, 2020), opened in the late Ani-
sian-early Ladinian (FERRIERE et al. 2015) (Figure 2).
The ophiolite nappes of the Dinarides-Hellenides were,
for a large majority of authors, derived from this east-
ern oceanic realm (BERNOULLI & LAUBSCHER 1972;
BorTOLOTTI et al. 2013, SCHMID et al. 2008; GAWLICK
& Missont 2019). The Pindos-Budva paleogeographic
realm cannot be the origin of the ophiolites because this
realm is materialized by a contiguous, conformable
Middle Triassic to Paleogene pelagic sequence, unaf-
fected by Jurassic nappe emplacement.

Between these two oceanic realms, Middle Triassic
to Early Jurassic extension produced a system of tec-
tonic highs (horsts) covered by carbonate platforms,

and troughs (grabens) filled with pelagic sediments.
This realm has been associated with the Pelagonian s.1.
microcontinent in the Hellenides (ROBERTSON et al.
1991; ROBERTSON & KARAMATA 1994; DILEK et al.
2005). It is preserved today in a SW-vergent nappe
stack with excellent outcrops in the Montenegro tran-
sect. Classically, each tectonic unit was defined by dis-
tinct Mesozoic facies and paleogeography (“zones isop-
iques” of AUBOUIN et al. 1970). This is still a valid first
order concept. In contrast, major paleo-fault zones
such as the Skutari-Pe¢ Line in northern Albania and
the Sperchios fault zone in Central Greece, dissect the
paleogeographic domains and have been interpreted as
ancient transform faults that affected the Mesozoic
margin (DERCOURT 1968). As a consequence, the exter-
nal Triassic-Paleogene carbonate platforms are discon-
tinuous: The Parnassos platform of Central Greece ex-
ists only south of the Sperchios line largely disconnect-
ed from the High Karst Zone in a similar paleogeo-
graphic position. The more internal Durmitor Platform

Figure 2: Paleogeographic reconstructions for the Late Triassic (a, ¢) and the Late Jurassic (b, d). (a, b: from STAMPFLI ¢ BOREL
2004, c: from ScaMID et al. 2008, d: from SCHMID et al. 2020). Paleogeographic location of field trip marked with a red circle.
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has no similar equivalent in Greece, since the Pelagon-
ian margin became successively pelagic during the Ju-
rassic (BAUMGARTNER 1985; SCHERREIKS et al. 2010).

Progressive closure of the Eastern (“Maliac”) oce-
anic realm began in the Middle Jurassic as an eastward
dipping, intra-oceanic subduction outboard of the Pel-
agonian-Korab-Durmitor-Drina-Ivanjica margin that
became the lower plate (Figure 3). A consequence of this
subduction was the creation of supra-subduction ocean
floor of Middle Jurassic age, often associated with the
name Vardar, today represented by the main ophiolite
nappes of the Dinarides (e.g. SCHMID et al. 2008, 2020).

Convergence progressively consumed the Triassic
Maliac ocean floor and seamounts were accreted in a
wedge, now represented by accretionary mélanges of
Middle Jurassic age. Some of the Triassic ocean floor
remained in the upper plate (e.g. Furka Unit, Othris,
Central Greece, FERRIERE et al. 2016; parts of the Var-
dar Zone in western Serbia, VISHNEVSKAYA et al. 2009;
Medvednica and Kalnik in the Internal Dinarides in
Croatia, HALAMIC¢ & GORICAN 1995). When the Pelag-
onian-Korab-Durmitor-Kuci margin became the low-
ermost unit of this wedge, subduction ceased and the
young Vardar backarc spreading centre obducted over
the accretionary wedge, including the margin. Further
westward thrusting of composite units (mostly during
Late Cretaceous-Early Cenozoic) emplaced composite
ophiolite nappes as far as the external Pindos-Cukali-
Budva zones. Emplacement and exposure/erosion of
the ophiolites during the Middle to Late Jurassic is
largely diachronous along the Pelagonian-Korab-Dur-
mitor margin and is in part synchronous with the on-
going formation of Vardar (suprasubduction) oceanic
crust. Ophiolitic debris continued during the Early
Cretaceous to be shed in the tectonic foreland of the
Jurassic orogen (“Premier Flysch du Pinde”, Boeotian
Flysch, Bosnian Flysch).

Radiolarian biostratigraphy has been fundamental
for the reconstruction of the paleogeographic and pale-
otectonic history of the area, since both the oceanic
realms and the rifted troughs commonly are repre-
sented by radiolarian-bearing pelagic sediments,
largely radiolarites, typical for the Ladinian, lowest Ju-

rassic, and Middle Jurassic to Lower Cretaceous inter-
vals.

The present day NW-SE striking tectonic units of
the Dinarides are in rough accordance with the Meso-
zoic paleogeography and allow for a relatively easy pa-
linspastic restoration. Each tectonic zone corresponds
to a different facies belt on the continental margin. Re-
gional studies in the 1970s (AuBouIN et al. 1970;
RaMPNOUX 1974; BLANCHET 1975; CADET 1978; CHAR-
VET 1978) provided a good stratigraphic framework for
the continental-margin Mesozoic successions and
also demonstrated the horst-and-graben topography
that was created during the Middle Triassic to Early
Jurassic rifting. The deeply subsided rift basins that
existed through most of the Mesozoic were recog-
nized but the pelagic successions could not be pre-
cisely dated because at that time radiolarians were
too poorly known to be widely used in biostratigra-
phy. Radiolarian research in Montenegro was initiat-
ed in the late 1980s (GORICAN 1987, 1994; OBRADOVIC
& GORICAN 1988) and is ongoing (GAwLICK et al.
2012; Kukoc 2014).

The complete SW to NE transect through Montene-
groand Serbia preserves the following paleotopographic
units (Figure 3): The Dalmatian Carbonate Platform,
the Budva Basin, the High Karst Carbonate Platform
(also called the Dinaric Carbonate Platform), the Bos-
nian Basin, the Durmitor High, the Lim Basin, the Dri-
na-Ivanjica High, the deep-marine environment of the
distal continental margin, and the oceanic crust, whose
remnants are now preserved in the structurally overly-
ing ophiolite nappe. The proximal margin from the
Budva Basin to the Lim Basin and the ophiolitic mé-
lange will be visited. The field trip aims to discuss the
sedimentary evolution of these Mesozoic basins and to
stress the importance of radiolarians for accurate dat-
ing. Regional geodynamic setting is introduced to un-
derstand to what extent the stratigraphic record was
controlled by synsedimentary tectonic events. A Tethy-
an-wide stratigraphic correlation with other deep-ma-
rine basins is presented to place the local radiolarian-
bearing pelagic sediments within an interregional pale-
ogeographic and paleoceanographic framework.

2 GEOLOGICAL AND PALEOGEOGRAPHICAL OUTLINE

During the past decades, a general consensus has been
reached on the regional arrangement of ocean realms
and continental margins. Nevertheless, the Mesozoic
geodynamic evolution is still actively debated. Palaeo-
geographic reconstructions contrast (Figure 2), but

agree on a northeastern origin of the obducted ophi-
olites representing remnants of Neotethys.

The Dinarides-Albanides-Hellenidesin the western
Neotethys realm underwent in Triassic to Early Creta-
ceous times more or less the same geodynamic history,
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reflectinga complete Wilson cycle from initial rifting to

ophiolite obduction, erosion and formation of flysch

and molasse basins:

1. Late Permian to Middle Anisian rift stadium with
sedimentation of siliciclastics and carbonate ramp
deposits.

2. Middle Anisian to Middle Jurassic passive margin
evolution following the late Anisian oceanic break-
up. A complex configuration of the continental
margin from the inner shelf (platform facies) to
the outer shelf (open-marine facies) was estab-
lished in the Middle to Late Triassic; pelagic plat-
forms were formed in the Early to Middle Jurassic.

3. Middle to Late Jurassic convergent tectonic regime
initiated by an intraoceanic subduction and followed
by obduction of young, suprasubduction ophiolites
(“active continental margin evolution”); the process
includes thrusting, trench and trench-like basin for-
mation, and the onset and growth of carbonate plat-
forms on top of the newly formed nappes.

4. Erosion of the Jurassic nappe stack from the Kim-
meridgian/Tithonian boundary onwards and fill-
ing of the deeply submerged foreland basins with
the erosional products of the uplifted orogeny.

In the late Early Cretaceous a new tectonic cycle
began which resumed in the Paleogene with thrusting
and the formation of new foreland basins.

2.1 Middle Triassic rifting

The Dinarides consist of a number of superposed SW-
vergent nappes derived from the Adriatic continental
margin (Figures 1, 2c-d, 3). The differentiation of the
relatively uniform area of shallow-marine carbonates
started in the Anisian. The upper Middle to Upper Ani-
sian Bulog Formation (red nodular limestone), indicat-
ing platform drowning, was more than a century ago

dated with ammonoids (e.g. HAUER 1888). Further
stratigraphic research on deep-water Middle Triassic
sedimentary sequences and research on petrology of as-
sociated volcanic rocks (Pietra Verde) enabled inferenc-
es on rifting processes ascribed either to continental
breakup (e.g., BECHSTADT et al. 1978; PAm1¢ 1984) or to
formation of inter-arc basins in a convergent setting re-
lated to the subduction of the Paleotethys realm (e.g.,
BEBIEN et al. 1978; STaAMPFLI & BOREL 2004). The first
biostratigraphic constraints on Triassic age of sedimen-
tary cover of MOR basalts were published in the 1980s,
first in Hungary (DE WEVER 1984; Kozur & RETI
1986), then in Serbia (OBRADOVIC & GORICAN 1988).
Since then, good age constraints have been obtained
for a continuous sea-floor spreading from the Late An-
isian to the Norian along the entire length of this oce-
anic branch, i.e. from southern Slovakia and Hungary
through Croatia, Serbia, Albania, and Greece (e.g.,
OzsvART & KovAcs 2012; GORICAN et al. 2005; CHIARI
et al. 2012; GawLIck et al. 2008, 2016 a, b; FERRIERE et
al. 2015, 2016, with references). A considerable dataset
on the age and geochemistry of Triassic oceanic basalts
is now available but the paleogeographic reconstruc-
tions are still debated. Some authors interpret the Mid-
dle Triassic events as continental rifting preceding the
opening of a single oceanic branch (Pami¢ et al. 2002;
Scumip et al. 2008, 2020; BorToLOTTI et al. 2013).
Other authors argue for a convergent regime implying
Palaeotethys subduction and opening of back-arc ba-
sins (ZIEGLER & STAMPFLI 2001; STAMPFLI & BOREL
2004; STAMPFLI & KozUR 2006; SLOVENEC et al. 2020;
for a review of different models see ROBERTSON 2012).

On a regional scale, including the external zones,
Middle Triassic magmatism is very heterogeneous,
represented by basic, and more commonly by interme-
diate and acid plutonic and volcanic rocks with calc-al-
caline affinity; pyroclastic rocks (Pietra Verde), interca-
lated in sedimentary sequences or in lava flows are com-

Figure 3: 2D representation of a model of the geodynamic evolution between the Adria and the Eurasian plates from Triassic to
Eocene, modified after BORTOLOTTI et al. (2013, their Figure 10). The upper left shows a simplified sketch of the rifted Adria
margin, with the Budva (BU), High Karst (HK), Bosnian (Bo), Durmitor (Du), Lim (Lim), Drina-Ivanjica (DI), and Kopaonik
(K) paleogeographic domains. Note that in the Budva and Bosnian realms rifting must have thinned the continental crust. The
Triassic ocean-floor ophiolites (TOFO) are here termed “Maliac” (FERRIERE et al. 2016). During initial, intra-oceanic subduc-
tion an accretionary wedge (AW) developed. During the Early-Middle Jurassic fore-arc (JFO), and intra-oceanic-arc (JIAQO)
ophiolites formed, here termed “Vardar” (STAMPFLI & BOREL 2004). Jurassic back-arc basin ophiolites (JBO, Guevgueli) formed
within the Eurasian margin. During the late Middle to Late Jurassic the AW reached and incorporated the Adria margin.
Obduction initiated. The AW then included from top to bottom: JIAO, JFO, metamorphic soles, TOFO, sub-ophiolitioc mélang-
es with a Middle Jurassic matrix and TOFO, and at its base, mixed ophiolithic-continental margin mélanges of Middle to Late
Jurassic age. The short-lived JBO (Guevgueli) also became incorporated in the wedge, without forming a slab. An early Late
Cretaceous development of passive margins and ocean floor volcanism along the remaining “Vardar” basin (documented in the
Sava Zone, SCHMID et al. 2008, 2020, and Adheres, Argolis Peninsula, Baumgartner in FERRIERE et al. 2016) is not illustrated
in this model. Continental collision may have started during latest Cretaceous and continued until the Eocene, when orogenic
uplift separated the ophiolites into two belts.
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mon (e.g., PAMI¢ 1984). Although the composition of
syn-riftvolcanic rocksisin favour of subduction-related
convergent movements (e.g., BEBIEN etal. 1978), the idea
of continental rifting is a viable alternative that con-
forms better to field relationships with the underlying
rocks of the continental crust (CADET 1978; PAMIC
1984). The considerable compositional variation can be
compatible with a continental rift setting if we consider
that therifting occurred on a pre-existing Variscan oro-
gen that could contribute an inherited subduction sig-
nature to rift-related magmas (ROBERTSON 2012; SAC-
CANI et al. 2015).

A strong argument in favour of continental rifting
is the overall architecture of horsts and grabens that is
remarkably similar to that of the North Atlantic (BEr-
NOULLI & LAUBSCHER 1972; CADET 1978; see PERON-
PinvipIc & MANATSCHAL 2010, for the configuration
of crustal blocks in the North Atlantic). If we consider
that the present-day distribution of tectonic units and
facies belts basically corresponds to the distribution of
paleotopographic units, the margin in the transect
through Montenegro and western Serbia can be divided
into several basins and swells (Figure 3a). The Durmitor
High and the Drina-Ivanjica High (equivalent of the
Pelagonian Platform in Greece) terminate towards NW
in eastern Bosnia. The High Karst Platform continues
to the north but is cut-off to the south along the Skutari-
Pe¢ Line in northern Albania but may have paleogeo-
graphically equivalent platforms in continental Greece,
such as the Olympus and Parnassos. Likewise, the Dur-
mitor High has no direct continuation in the Hellenides
but may be represented by shallow areas of the Pelagon-
ian. The morphological highs were spatially limited,
partially or completely isolated and the configuration
varied substantially along the margin. The inferred ge-
ometry is closely similar to the present-day eastern
margin of the North Atlantic, where continental rib-
bons (the Faroes, Hatton Bank, Rockfall Bank and Por-
cupine Bank) are surrounded by deep basins (PERON-
PiNvIDIC & MANATSCHAL 2010). We further notice
that, like in the North Atlantic, the basins in the studied
transect were V-shaped. They were oriented parallel to
the mid-ocean ridge but with opposite direction of the
“V” - the Budva Basin and possibly also the Lim Basin
widened towards south, whereas the Bosnian Basin was
wider to the north and disappeared towards south.

2.2 Middle to Late Jurassic intra-oceanic subduc-
tion and obduction

The closing of the Neotethys (Meliata-Maliac) Ocean
started in the Early-Middle Jurassic with the onset of an
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east-dipping intra-oceanic subduction (Figure 3). In the
mean time sea-floor spreading (Vardar) occurred in a
supra-subduction setting. The majority of the ophiolite
sequences preserved in the Dinarides and Hellenides,
especially those including mantle rocks belong to the
Jurassic SSZ ophiolites. On the western (Adriatic) side of
the ocean, trench and trench-like basins were formed
and were filled with ophiolitic mélange (see figures 19
B, C in GAwLICK & MissoNI 2019). On the eastern
(Eurasian) side, an island arc formed on continental
crust and a short-lived back-arc basin with supra-sub-
duction ophiolites (Guevgueli Ophiolite Complex;
Eastern Vardar ophiolites of ScHMID et al. 2008, 2020)
evolved behind the arc (Figure 3) (SAccant et al. 2008).

Ophiolite obduction on the Adriatic continental
margin is diachronous and lasted from the Late Jurassic
to the earliest Cretaceous (ScHMID et al. 2008, 2020) or,
according to some authors, may have started already in
the Middle Jurassic (GAwLICK et al. 2016b, 2020; GAW-
LICK & M1ssoNT 2019). The progressive development of
trench-like basins in front of the propagating nappes is
best documented in the age and composition of sedi-
mentary meélanges; towards west, mélanges become
younger and contain less ophiolite-derived material but
more and more blocks reworked from the continental
margin. Gawlick and co-workers (GawLick et al.
2017b; GawLick & Misson1 2019) distinguished two
types of mélanges: 1) the ophiolitic mélange composed
of serpentinites, basalts, cherts and in places carbonate
blocks, and 2) the Hallstatt Mélange containing conti-
nental-margin limestone and chert blocks in a radio-
laritic-argillaceous matrix. They further subdivided
the Hallstatt Mélange according to the provenance of
continental-margin blocks; mélanges with outer-shelf
Hallstatt-limestone blocks were deposited during the
Bathonian to Oxfordian and those containing Triassic
reef blocks were formed in the Callovian to Oxfordian.

The Jurassic ophiolites were first dated radiomet-
rically; igneous ages and ages of metamorphic soles are
closely similar (approximately 160-180 Ma) implying
that the initial obduction movements occurred when
the ophiolites were still young and hot (SPray et al.
1984). In the 1980s, the first Middle Jurassic radiolari-
an age in ophiolitic units were obtained in the Argolis
Peninsula in Greece (BAUMGARTNER 1984, 1985), now
considered as dating the sedimentary cover of an in-
traoceanic accretionary wedge. A large number of ra-
diolarian dates are now available from Jurassic ophi-
olites in Greece, Albania, Serbia, Bosnia and Herzego-
vina, and Croatia (HALAMIC et al. 1999; CHIARI et al.
2003, 2004; BorToLOTTI et al. 2008; GAwLICK et al.
2009; NIRTA et al. 2010; SEGVIC et al. 2014). The docu-
mented ages consistently range from latest Bajocian -
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early Bathonian (UAZ 5) to late Bathonian - early
Callovian (UAZ 7) according to the zonation of BAum-
GARTNER et al. (1995), both in the sedimentary cover of
basalts and in the ophiolite-bearing sedimentary mé-
langes. Radiometric and biostratigraphic dates togeth-
er with data on petrology, geochemistry and sedimen-
tology were summarized by BORTOLOTTI et al. (2013),
but new data have been published since then. The most
recently obtained radiolarians from the matrix of the
Hallstatt Mélange in Serbia are assigned to UAZ 5-7
(GAwLICK et al. 2016b, 2017a, b, ¢c) and UAZ 6-7 (based
on Kilinora spiralis (Matsuoka) reported by GawLick
etal., 2018). A comprehensive review on mélange units
from the entire Meliata-Maliac-Vardar branch of the
Neotethys has been also published (GawLick & Mis-
SONT 2019) but the exact depositional age of the ophi-
olitic mélanges is still a matter of debate (compare e.g.
ScumiD et al. 2020 and GawLick et al. 2020). Since
these chaotic units are often pervasively sheared, it is
not always clear in the field whether the embedded ra-
diolarian chert is the matrix of the mélange or part of
a deformed slide block, which could be markedly older.
In a larger regional picture (Figures 2b, d), it is im-
portant to note that the onset of intra-oceanic subduc-
tion and the formation of ophiolitic mélange in the Neo-
tethys are contemporaneous with the opening of the
Alpine Tethys (Liguria-Piemont Ocean, named the
Alpine Atlantic by GAwLIcK & MissoNT 2019), where
very slow sea-floor spreading began in the Bajocian
and continued until the Tithonian (BiLL et al. 2001).
For the origin of the Dinaric-Hellenic ophiolites
that occur in two separate ophiolite belts (Figure 1) two
basic models have been proposed - the first implying a
single oceanic basin (the Vardar Ocean) and the second
one implying two oceans (Pindos and Vardar oceans
separated by the Pelagonian microcontinent). In the
one-ocean model, the ophiolites were generated in the
Vardar Ocean, located between the Pelagonian conti-
nental margin as part of Adria, and the continental
margin of Eurasia (BAUMGARTNER 1985; BORTOLOTTI
et al. 2005; ScamIp et al. 2008, 2020; SAccANTI et al.
2011; FERRIERE et al. 2016; CHIARI et al. 2011; GAWLICK
& MissonT 2019 with references). This hypothesis was
first formulated by BERNOULLI & LAUBSCHER (1972)
who interpreted the Dinaric-Hellenic ophiolite belts as
far-travelled nappes thrust over the Pelagonian unit.
The alternative model considers the Pelagonian unit as
a microcontinent between the Pindos Ocean in the west
and the Vardar Ocean in the east; ophiolites from both
oceans were obducted with opposite vergence onto the
Pelagonian microcontinent (ROBERTSON et al. 1991;
ROBERTSON & KARAMATA 1994; ROBERTSON & SHALLO
2000; DiLEK et al. 2005). A comparison of both basic

models and their modifications are discussed in detail
in several papers (SaccANTI et al. 2011; ROBERTSON 2012;
GawLIcK et al., 2017b, 2018). The interpretation that
both ophiolite belts were derived from one oceanic
basin located to the east of the Pelagonian domain has
been widely accepted in recent literature and is also
adopted in this paper (Figure 3). We only note that the
common origin of ophiolites from the eastern ocean
does not contradict the existence of a western ocean-
like Pindos Basin whose oceanic basement may have
been entirely consumed by underthrusting (e.g. STAMP-
FLI & BOREL 2002; FERRIERE et al. 2012; ARGNANT 2018).

2.3 From obduction to continental collision (Late
Jurassic to Paleogene)

The orogeny occurred in two main phases. The first
phase of orogenic deformation was the emplacement of
ophiolites on top of the Adriatic continental margin that
is well documented in different types of mélange depos-
ited in trench-like basins in front of the advancing nap-
pes (GAwLICK & Mi1ssoNT 2019 with references). Isolated
carbonate platforms evolved internally in the uplifted
areas of the newly formed nappe stacks. These platforms
were first documented in the Northern Calcareous Alps
(SCHLAGINTWEIT et al. 2005; GAWLICK & SCHLAGINT-
WEIT 2006). In the Dinarides-Hellenides genetically
similar carbonate platforms are known indirectly from
reworked clasts in gravity-flow deposits of the adjacent
basins (SCHLAGINTWEIT et al. 2008; Kukoc et al. 2012;
GaAwLICK et al. 2020 with references). On the foreland
(western) side, the load of the ophiolite nappe induced
lithospheric doming of the continental crust and local
emersion events on the external carbonate platform
(VLaHOVIC et al. 2005 with references). In the foreland
basin, the accumulation of flysch-type deposits, the
Bosnian Flysch, started in the Tithonian-Berriasian
(BLANCHET et al. 1969; MIKEs et al. 2008 with referenc-
es). The convergence between Adria and Europe contin-
ued into the Early Cretaceous and, in the internal parts
of the orogen, resulted in further nappe stacking, burial
and green-schist facies metamorphism dated to an in-
terval of early Eoalpine ages between 135 and 110 Ma
(Valanginian to early Albian) (BOROJEVIC SOSTARIC et
al. 2012; vAN GELDER et al. 2015). The mountain chain
that resulted from this orogenic episode was named the
Paleodinarides (RAMPNOUX 1970; AUBOUIN et al. 1970).

The Paleodinarides were subaerially exposed for a
prolonged period as evidenced by wide spread laterites
ontop of the ophiolites. The overstepping successions, in
literature also known as the Gosau-type deposits, con-
sist of basal conglomerates followed by a fining-upward
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sequence of fluvial deposits and then by shallow-marine
mixed carbonate-clastic sediments or carbonates in-
cluding Turonian rudist reefs (ScHMID et al. 2008; CHI-
ARI et al. 2011; NirTA et al. 2020). The mid-Cretaceous
transgression marked by the onset of marine sedimenta-
tion is slightly diachronous along the Dinarides-Helle-
nides and varies from the early Aptian to the late Albian
(NIrTA et al. 2020 with references). The Upper Creta-
ceous part of the succession is in places entirely of deep-
water origin and is composed of calcareous turbidites
and cherty limestone, which yielded Santonian to early
Campanian radiolarians (DJERIC et al. 2009; BRAGINA
et al. 2014, 2018, 2020; DErRIC & GERZINA 2014).

In the Maastrichtian and Paleogene, flysch deposi-
tion was dominant throughout the Dinarides and was
linked to the final closure of the Neotethys oceanic
realm in the area and to the continental collision of the
Adriatic and European plates (ScHMID et al. 2008, 2020;
UstaszewsklI et al. 2009). The Sava Zone, best exposed
in inselbergs between Zagreb and Belgrade (Figure 1) is
considered the Paleogene suture zone between the two
continents (ScHMID et al. 2008). This zone includes a
Campanian back-arc igneous succession proving that
the oceanic domain was open in the Late Cretaceous
(UstaszewskI et al. 2009). The timing of collision
throughout the Dinarides and Hellenides is still debat-
ed. ScuMmiID et al. (2008, 2020) inferred that the conti-
nent-continent collision occurred in the latest Creta-
ceous to Paleogene along the entire orogen. Contrary to
this, some authors working in Albania and Greece (e.g.
BoRrTOLOTTI et al. 2013), concluded that the ocean was
completely closed after the ophiolite obduction, already
in the latest Jurassic — Early Cretaceous. Combining

both hypotheses, NIrTA et al. (2018) proposed that the
continental collision was diachronous, earlier in the
south and later in the northern sector of the Dinarides—
Hellenides.

2.4Nappeemplacementand post-orogenicevolu-
tion (Paleogene to Recent)

The collision propagated from NE to SW and lasted
from the Campanian-Maastrichtian to the Eocene (see
Figure 4 to compare the time span of flysch deposition
between the internal and external zones). This main
thrusting phase was followed by the late Oligocene-Mi-
ocene extension which was contemporaneous and part-
ly related to the formation of the Pannonian Basin
(MATENCO & RADIVOJEVIC 2012). The extension was
mainly NE-SW directed, perpendicularly to the strike
of the orogen (VAN UNEN et al. 2019). This extension
affected all areas of the Dinarides and created a system
of intramontane lakes with a high degree of endemism
(HARZHAUSER & MANDIC 2008). Some of these basins
accumulated up to 2000 m of sediments (HrvaTOVIC
2006). Thick Miocene lacustrine deposits also occur in
NE Montenegro around Berane and Pljevlja and are
economically interesting for coal exploitation.

The Miocene extension was followed by an overall
inversion that started in the latest Miocene and is still
active. This contraction, expressed in strike slip, thrust-
ing, or reverse faulting and folding has a N-S to NNE-
SSW direction and is not intrinsic to the Dinarides but
is interpreted in relation to the much larger regional
Africa-Europe convergence (VAN UNEN et al. 2019).

3 STRATIGRAPHY OF TECTONIC UNITS IN THE MONTENEGRO-SERBIA TRANSECT

Stratigraphy is described from the external to the inter-
nal units in the SW to NE direction (Figure 1) and
graphically summarized in Figure 4. The nomenclature
and definition of the first-order tectonic units follow the
review papers by SCHMID et al. (2008, 2020). The reader
is referred to these papers to obtain a wider regional
framework of tectonic units from the Alps to western
Turkey. Abundant references relevant to the units of the
described transect and their equivalents outside this
transect are cited in these reviews and will not be fully
repeated here. Other review papers on the Dinarides
were previously provided by DimiTryevi¢ (1997),
Pamicetal. (2002) and KARAMATA (2006), and a review
on the history of research was presented by CHARVET
(2013). Moredetailedlocal tectonic subdivisions (RAMP-
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NOUX 1974; CADET 1978) are also considered in order to
pointout stratigraphic (and paleotopographic) variabil-
ity within a single first-order unit.

The Dalmatian Zone is the most external zone in
Montenegro and extends from the Montenegro coast
further north along the Croatian coast to Split. This
unit, equivalent of the Kruja Zone in Albania and the
Gavrovo-Tripolitza Zone in Greece, is composed en-
tirely of Mesozoic and lower Paleogene shallow-water
carbonates that are followed by Eocene flysch. In Mon-
tenegro, only Upper Cretaceous and Paleogene deposits
are exposed, and Lower Cretaceous limestones are
known from the boreholes. Middle Miocene shallow
marine sandstones and limestones from the surround-
ings of Ulcinj belong to this unit.
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Figure 4: Chronostratigraphic overview of the formations in the Montenegro - west Serbia transect (for location of the transect see
Figure I; references on stratigraphy are given in the text). The stratigraphic column of the Bosnian Zone is compiled from data in
Bosnia and Herzegovina because in Montenegro this zone is tectonically reduced and differentiated by the Lower Cretaceous
flysch deposits only.
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The overlying Budva Zone is characterized by
deeper-marine sediments from the Middle Triassic to
the Paleogene. The Middle Triassic synrift sediments
are the nodular Bulog Limestone and a thick clastic unit
informally called the “Anisian Flysch”. These deposits
are overlain by a volcano-sedimentary sequence. The
Upper Triassic to Maastrichtian succession displaysand
alternation of pelagic limestones, radiolarites and re-
sedimented carbonates. The succession ends with Pale-
ocene to lower Eocene flysch. The Budva Zone contin-
ues to the south to the Krasta—Cukali Zone in Albania
and to the Pindos Zone in Greece. To the north, it wedg-
esout near Konavlje, about 20 km north of the Montene-
gro-Croatian border. The Dalmatian Zone is north-
wards in a direct thrust contact with the High Karst
Zone as far as Split, where it runs offshore.

The High Karst Zone consists of a several thou-
sand-meters thick series of Triassic to Upper Cretaceous
platform carbonates, overlain by Paleogene flysch. In
certain stratigraphic levels (e.g. Anisian-Ladinian,
Cenomanian-Turonian) pelagic facies locally occur.
Some other levels (e.g. Upper Jurassic, Aptian-Albian)
are characterized by local occurrences of lagoonal to la-
custrine facies with charophytes and/or bauxite. The
High Karst Zone extends far north to Slovenia and
north-eastern Italy. Paleogeographically it represents a
large carbonate platform, known as the High Karst or
Dinaric Carbonate Platform or, mostly in the Italian lit-
erature, also as the Friuli Carbonate Platform. The Dal-
matian and the High Karst platforms, when regarded as
one paleogeographic entity are called the Adriatic Car-
bonate Platform (Viranovi¢ et al. 2005). This view is
justified in Croatia but is not applicable in Montenegro,
where the Budva Basin divides the “single” platform in
two units. To the SE, the High Karst Zone abruptly ends
at the Skutari-Pe¢ Line. The Skutari-Pe¢ transverse
zone in northern Albania (Figure 1) now separates the
Dinarides from the Hellenides but its location is paleo-
geographically predetermined (e.g. DERCOURT 1968;
BeErNOULLI & LAUBSCHER 1972). The only possible
southern equivalent of the High Karst Zone is the Par-
nassos Zone (AUBOUIN etal. 1970), a relatively smalliso-
lated unit of platform carbonates located north of the
Gulf of Corinth.

The Pre-Karst Subzone (defined asa subzone of the
High Karst Zone by BLANCHET et al. 1970) is composed
of several thrust sheets that constitute the NE border of
the High Karst Zone along its entire length. The Triassic
facies are identical to those of the High Karst Zone,
whereas the Jurassic and Cretaceous are slope facies
with resedimented carbonates originating from the
High Karst Platform. Coarse-grained breccias and cal-
careous turbidites with interlayers of variegated pelagic
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limestone are common in the Cretaceous (CADET 1978).
The typical siliciclastic flysch is Maastrichtian to Pale-
ocene in age (CADET 1978; MirkoVIC 1983). This flysch
is well exposed on Mt. Durmitor and is traditionally
called the Durmitor flysch (e.g., Mirkovi¢ 1983;
DiMITRIEVIC 1997). The name Durmitor flysch entered
common usage (e.g., SCHMID et al. 2008, 2020) but one
should bear in mind that this formation is not part of
the Durmitor nappe.

The Bosnian Zone is an almost continuous facies
belt in front of the Durmitor nappe, extending from the
Albanian Alps to central Bosnia and the Pannonian
Basin. This zone is best discriminated in southern Bos-
nia and Herzegovina where complete Mesozoic succes-
sions are exposed (described in CADET 1978). The post-
Anisian sediments are exclusively deep marine and in-
clude pelagic limestones, radiolarian cherts and turbid-
ites. The most characteristic lithostratigraphic unit is
the Bosnian Flysch, which records an early arrival of si-
liciclastics with ophiolite debris already in the Berria-
sian. The Bosnian Flysch is subdivided into the lower,
predominantlysiliciclastic Vranduk Formation (Berria-
sian to Cenomanian) (RAMPNOUX 1974; CADET 1978),
and the upper carbonate-dominated Ugar Formation
(Cenomanian? to Maastrichtian) (CHARVET 1978;
HrvaTOVIC 2006; MIKES et al. 2008 with references).

In Montenegro, the Bosnian Zone is tectonically re-
duced to a narrow NW-SE trending belt, which disap-
pears below the Durmitor Mountain, along a distance of
approximately 50 km, so that the Pre-Karst and the
Durmitor unitsare in a direct contact (see tectonic maps
in AUBOUIN et al. 1970; RAMPNoOUX 1974; CADET 1978).
The stratigraphic succession is also incomplete. Mostly
the Bosnian Flysch is exposed; pelagic Triassic rocks
occur only in a half-window near Kolasin in central
Montenegro (RaMpNouUx 1974). The thrust contact with
the underlying Pre-Karst unit is difficult to recognize
because it juxtaposes highly deformed flysch deposits of
both tectonic units. Biostratigraphic studies demon-
strated that the Berriasian to Cenomanian Bosnian Fly-
sch tectonically overlies the Maastrichtian flysch of the
Pre-Karst Zone (RaAmMPNOUX 1974). The thrust contact
with the overlying Durmitor nappe is everywhere clear-
ly expressed in landscape because it brings a thick suc-
cession of platform carbonates on top of flysch deposits.
Lateral equivalents of the Bosnian Flysch are the Ver-
moshi Flysch in northern Albania (MARRONT et al.
2009) and the Boeotian Flysch in Greece (NIRTA et al.
2015, 2018). The Lower Cretaceous flysch deposits can
be traced to the Hellenides but we note that there is no
evidence of Triassic pelagic rocks in the corresponding
zones south of Montenegro. It is possible that the Bos-
nian Basin, which originated in the Middle Triassic, was
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initially smaller and was prolonged southwards only
later, during subsequent subsidence pulses in the Juras-
sic and Cretaceous.

According to ScHMID et al. (2008, 2020) the Pre-
Karst unit and the Bosnian flysch zone are together
considered as a single first-order tectonic unit (Figure
la). The next structurally higher first-order unit, the
East Bosnian-Durmitor unit, mainly corresponds to
the unit of the same name defined by DIMITRIJEVIC
(1997), but includes also more internal tectonic units
that are overthrust by ophiolitic mélange and were by
DiMITRIEVIC (1997) discriminated as the Dinaric
Ophiolite Belt. The East Bosnian-Durmitor unit is a
synonym of the Serbian Zone (sensu AUBOUIN et al.
1970), which was subdivided in two zones — the Durmi-
tor Zone and the Lim Zone (RaMPNoUX 1970, 1974; Fig-
ure 5). SCHMID et al. (2008, 2020) considered these two
zones as sub-units and thus did not differentiate them in
the geological map (Figure 1).

The Durmitor Zone extends from the “Sarajevo
sigmoid” (DIMITRIEVIC 1997), an S-shaped north-

western thrust contact with the underlying Bosnian Fly-
sch, to the Skutari-Pe¢ transverse zone (Figure 1). No
proper equivalent of the Durmitor Zone exists in the
Hellenides. The stratigraphic succession (RAMPNOUX
1970, 1974; MirkovIC 1983) is characteristic of a mor-
phological high and consists mainly of shallow-water
Triassic and Jurassic carbonates. “Ammonitico rosso”
facies occurs in the upper Anisian and in the Toarcian.
The Toarcian to Middle Jurassic sequence is reduced to
a few meters and is disconformably overlain by Upper
Jurassic reef and Clypeina-bearing limestone. The dis-
conformity is marked by a considerable erosion, in plac-
es cutting down to the Middle Triassic, and locally also
by bauxite deposits. The Upper Jurassic reeflimestone is
overlain first by coarse-grained conglomerate and then
by Berriasian flysch-type sediments. The stratigraphic
succession of the Durmitor Zone differs from that of the
High Karst Zone by a much earlier onset of flysch depo-
sition (Berriasian vs. Maastrichtian in the Pre-Karst
unit). On the other hand, the Upper Jurassic bauxite and
reefs distinguish the Durmitor Zone from the more in-

Figure 5. Tectonic sketch of northern Montenegro and south-western Serbia (reproduced from RampNoux 1974). The dark

yellow areas indicate Miocene lacustrine deposits.
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ternal Drina-Ivanjica Zone, in which no shallow-water
carbonates younger than the Toarcian occur.

The Lim Zone was subdivided into three subzones.
From SW to NE these subzones are the Cehotina Sub-
zone, the Mihajlovi¢i Subzone and the Zlatar Subzone
(RampNouUx 1970, 1974; Figure 5). The Mihajlovici
Subzone disappears towards NW in Bosnia, where
only an external and an internal domain within the
Lim Zone are distinguished (CADET 1978). The strati-
graphic evolution of the Mihajlovi¢i Subzoneis charac-
teristic of a Triassic-Early Jurassic carbonate platform
that submerged in the Pliensbachian. The Cehotina
and Zlatar subzones that border the Mihajlovi¢i Sub-
zone to SW and NE, respectively, are characterized by
deep-water sediments from the Middle Triassic to the
beginning of the Cretaceous. These three subzones are
stratigraphically clearly distinguished but their struc-
tural superposition is less evident because the gently
dipping thrust contacts are strongly obliterated by
steep younger faults. It is thus possible that the
Mihajlovi¢i Subzone is not placed structurally below
the Zlatar Subzone but was originally a klippe of the
next higher Drina-Ivanjica unit (Figure 1), which is
stratigraphically nearly identical. Moreover, several
relatively large klippen of the Drina-Ivanjica unit
have already been mapped on top of the Lim Zone,
e.g. the Pester Nappe in western Serbia (RAMPNOUX
1974; Figure 5) and the Seme¢ Nappe in Bosnia
(CADET 1978). In terms of paleogeography, this rein-
terpretation implies that the Mihajlovi¢i Subzone is
not necessarily a remnant of a separate Mesozoic sub-
marine high but was more probably part of the larger
Drina-Ivanjica continental ribbon.

The Drina-Ivanjica thrust sheet (the Drina-Ivan-
jica Element of DIMITRJEVIC 1997) is a synonym of
the Golija Zone of the French authors (Figure 5, Ramp-
NoUX 1969, 1974; AuBOUIN et al. 1970). This unit is
characterized by a pre-Mesozoic basement followed by
a Triassic-Jurassic succession typical of a morphologi-
cal high. The late Anisian rifting-related drowning
event is evidenced by red nodular limestone (Bulog fa-
cies) or by grey cherty limestones with shallow-water
debris (Rid Formation of SUDAR et al. 2013) on top of a
Steinalm-type carbonate ramp. Upsection, Upper Ani-
sian to Lower Ladinian hemipelagic limestones occur
and are then followed by Wetterstein and Dachstein-
type platform facies (M1ssoNT et al. 2012; SUDAR et al.
2013; GAwWLICK et al. 2017a). Jurassic rocks are pre-
served in a few outcrops in the external parts of this
zone. RAMPNOUX (1970, 1974) regarded the Krs§ Gradac
locality as the typical Jurassic succession of his Golija
Zone. The section, later re-studied several times, over-
lies the Dachstein Limestone and consists of Lower Ju-
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rassic oncoidal limestone, Toarcian ammonitico rosso,
Bathonian to Oxfordian/Kimmeridgian radiolarite,
and Tithonian polymictic carbonate turbidites (with
Cr spinels) overlain by radiolarites with intercalations
of ophiolitic sandstones (RADOICIC et al. 2009; Gaw-
LICK et al. 2009, 2017a, 2020).

The Drina-Ivanjica unit continues to the Korab
unit in Albania, Kosovo and North Macedonia and
further south to the Pelagonian unit in North Macedo-
nia and Greece (AUBOUIN et al. 1970). The stratigraph-
ic succession consists of Upper Triassic to Lower Juras-
sic platform limestones, Middle Jurassic open-marine
facies and Oxfordian-Kimmeridgian debris flow de-
posits with reef fragments; laterites, indicating a Callo-
vian subaerial unconformity, occur below the reefs
(ScHERREIKS et al. 2010). ScuMID et al. (2008, 2020)
linked the Drina-Ivanjica and Korab units to the Upper
Pelagonian, which is characterized by weak to strong
metamorphism of the basement but the Mesozoic
cover is non-metamorphic. Consistently with this cor-
relation, they proposed that the Lower Pelagonian
unit, which is entirely metamorphic and includes a
several km thick sequence of Mesozoic marbles, could
be the equivalent of the East Bosnian-Durmitor unit.

The Jadar-Kopaonik thrust sheet is the innermost
composite nappe of the Dinarides and paleogeographi-
cally represents the distalmost continental margin of
the Adriatic plate. A typical Mesozoic succession, ex-
posed in the Kopaonik-Studenica area in Serbia, is com-
posed of metasediments exhibiting carbonate platform
facies up to the Anisian, which are then followed by
Middle Triassic carbonate breccia and tuff, Upper Trias-
sic pelagic limestone and presumably Jurassic radiolari-
an chert (SCHEFER et al. 2010). The northern extensions
of this unit are the Medvednica Mountain in Croatia
and the Bitkk Mountains in northern Hungary; south-
wards the unit extends as a narrow belt to northern
Greece (ScuMID et al. 2008, 2020).

Ophiolites and ophiolitic mélanges tectonically
overlie the continental-margin units. In older litera-
ture, these ophiolites and genetically related sedimen-
tary rocks were commonly termed the Diabase-Chert
Formation. SCHMID et al. (2008, 2020) distinguished
between western and eastern Vardar ophiolitic units
(Figure 1). The Dinaric and Hellenic ophiolites are the
western units that originated from the West Vardar
Ocean and were emplaced onto the Adriatic continen-
tal margin (Figure 3). In present-day map view, the
Western Vardar ophiolites occur in several discontinu-
ous belts; some isolated remnants are found far west
from the Sava suture zone, which is interpreted as the
boundary between Adria and Europe (SCHMID et al,,
2008, 2020). This long-distance emplacement resulted
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from Cretaceous and Cenozoic out-of-sequence thrust-
ing of previously obducted ophiolites. In geological
maps (Figure 1), the ophiolitic units include thick lay-
ers of ophiolitic mélange underlying the obducted ul-
tramafics and their metamorphic sole. In Montenegro,
the westernmost ophiolitic remnants tectonically over-
lie the East Bosnian-Durmitor unit or, more specifi-
cally, the outermost ultramafics occur on top of the
Zlatar Subzone and the outermost mélanges on top of
the Cehotina Subzone of the Lim Zone (RaAMPNOUX
1974). Recently, mélanges have gained an increased in-
terest because they are not only crucial to understand
the obduction history but also allow us to restore the
pre-orogenic configuration of the distal passive mar-
gin. From detailed analyses of blocks in the Jurassic
sedimentary mélanges of the Dinarides, a complete
unmetamorphosed Triassic distal-margin stratigraph-

ic succession could be reconstructed (GAwLICK et al.,
2017a, 2018; GawLICK & MissoNT 2019).

A note on the tectonic units and their stratigra-
phy, the Mesozoic geodynamic evolution and paleo-
geography: One of the co-authors (HJG) disagrees with
this subdivision of tectonic units, the correlation of tec-
tonic units and in cases also with the summarized Trias-
sic to Early Cretaceous stratigraphic and sedimentologi-
cal and geodynamic evolution as presented in this field-
trip guide. For a summary on the Triassic sedimentary
evolution interested readers are referred to KovAcs et al.
(2011), and for the Jurassic sedimentary evolution to
Haas et al. (2011). For the correlation of tectonostratig-
raphy and the geodynamic evolution interested readers
are referred to GAWLICK et al. (2008, 2017a, 2020), GAw-
LICK & Mi1ssoNT (2015, 2019) and references therein.

4 FIELD-TRIP DESCRIPTION

The field-trip will focus on radiolarian-bearing depos-
its of different tectonic units. The localities are de-
scribed in SW to NE direction from the most external
to more internal zones (Figures 1, 6). Ophiolitic mé-
langes are described together with the sedimentary
succession of the Lim Zone, which they overthrust.

Montenegro is covered by 16 sheets of the Basic Ge-
ological Map 1:100,000 (available at the Geological Sur-
vey of Montenegro) and by an integral map at scale 1:
200,000 (MIRKOVIC et al. 1985). For each locality, the
coordinates are given and the corresponding sheet of
the Basic Geological Map is cited.

4.1 The Budva Zone
General description

The Budva Zone is a narrow, less than 10 km wide and
about 100 km long belt of deep-marine Mesozoic depos-
its in coastal Montenegro. The zone is composed of sev-
eral thrust sheets. In the Kotor area, two tectonic subu-
nits are clearly distinguished (Figure 7). The central part
between Kotor and Petrovac is more complex, composed
of several smaller discontinuous recumbent folds. In
general, a subdivision between alower and an upper tec-
tonic subunit is possible. Stratigraphic research in these
units revealed that the Jurassic-Cretaceous redeposited
carbonatesare thicker and have a more proximal charac-
ter in the upper than in the lower unit (GoriCAN 1994).
A similar NE to SW direction towards a more distal dep-

ositional setting was recognized in Middle Triassic lime-
stone conglomerates (DIMITRIJEVIC 1967). These obser-
vations imply that only the eastern part of the Budva
Basin, which was supplied from the High Karst Carbon-
ate Platform is now preserved in the Budva Zone.

The oldest rocks of the Budva Zone are Middle Per-
mian dark grey shales, sandstones and calcarenites
overlain by Middle to Upper Permian dark grey bioclas-
tic limestone with algae, brachiopods, bivalves, gastro-
pods, ammonoids and crinoids (HORACEK et al. 2020).
The overlying Lower Triassic deposits are sandstones,
marls and calcarenites, and laterally also dolomites. The
facies associations show considerable lateral variability
and a general vertical change from a shallow mixed si-
liciclastic and carbonate Werfen-type sedimentation to
deeper-water marly layers and calcareous turbidites
(KrysTYN et al. 2019). The lower Anisian is represented
by calcareous turbidites or in places by platform lime-
stone. The overlying Pelsonian and Illyrian deposits are
limestone conglomerates (including reworked Paleozoic
rocks) and mixed siliciclastic-carbonate turbidites tra-
ditionally known as the Anisian flysch (DIMITREVIC
1967). The conglomerates are now named the Crmnica
Formation and the turbidites the Tudemili Formation
(CapjENOVIC & RapuLovié 2018) The Crmnica For-
mation is defined as the basal part of this “flysch” se-
quence but conglomerates also occur within or on top
of the finer-grained turbidites. Nodular red cephalo-
pod limestone in places overlies these turbidites but
more commonly occurs directly on top of lower Ani-
sian platform limestones; ammonoids from the upper-
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Figure 6: Road map of Montenegro with locations of field-trip sections 1-10.
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most parts of “flysch” sediments are characteristic of
Pelsonian age (Paxovi¢ 2018). The uppermost Ani-
sian to Ladinian unit is a thick volcano-sedimentary
sequence, which consists of volcanic and volcanoclas-
tic rocks (Pietra Verde), alternating with radiolarian
chert and limestone. CAFIERO & DE CaAPOA BONARDI
(1980) described bivalves of latest Ladinian age from
the uppermost part of this sequence at Becici.

The Upper Triassic to Maastrichtian succession dis-
plays an alternation of pelagic limestones, radiolarites,
and resedimented carbonates. The description of
lithostratigraphicunitsissummarized below (according
to GORICAN 1994, unless otherwise specified). See Fig-
ure 8 for general stratigraphic logs of the representative
sections and Figure 9 for their chronostratigraphy.

The Halobia limestone is an approximately 150 m
thick succession of bedded limestone with replacement
chert nodules and layers, and in places marly intercala-
tions. The Carnian and Norian age is determined with
halobiids and conodonts (CAF1ERO & DE Caroa Bo-
NARDI 1980, 1981). From the topmost beds in the Canj
section (see Stop 3 below) radiolarians of the upper
Rhaetian Globolaxtorum tozeri Zone were identified
(CRNE et al. 2011).

The “Passée Jaspeuse” is a unit of bedded calcare-
ous chert alternating with shale or marl. Light grey sili-
ceous micrite beds are intercalated. The unit is 30 to
40 m thick. It contains higher proportions of silica and
clay constituents than the Halobia limestone and can
easily be distinguished by its characteristic dark brown-
ish red and green colours. Siliceous fossils are present in
all chert and limestone beds. Sponge spicules prevail
over radiolarians, which are very poorly preserved; only
a few samples with identifiable specimens were found.
At the base of the formation, radiolarians of the lower-
most Hettangian Canoptum merum Zone were deter-
mined (CRNE et al. 2011). The top of the formation was
placed near the Sinemurian-Pliensbachian boundary.

The Bar Limestone is a succession of carbonate
gravity-flow deposits. In contrast with the underlying
“Passée Jaspeuse” the colour is light grey and the lime-
stone beds contain only a minor amount of silica (10-
20 %) in form of replacement chert layers and nodules.
The age is constrained with radiolarians from underly-
ing and overlying strata and confirmed by rare benthic
foraminifera. The formation is subdivided in two
members. The Lower Bar Limestone Member is 50 m
to 170 m thick and occurs in the lower as well as in the
upper tectonic unit of the Budva Zone. The Upper Bar
Limestone Member can be more than 200 m thick and
is practically restricted to the upper tectonic unit. The
transition between the two members is covered, but
shales and marls that overlie the Lower Member in the
distal sections suggest that this transition probably
correlates to widespread clay-rich deposits of the lower
Toarcian.

The grain constituents in both members of the Bar
Limestone show the same origin of sediment supply -
penecontemporaneous platform-derived debris mixed
with semilithified coeval pelagic limestone clasts. The
main difference in composition is the amount of ooids.
At the base of the Lower Bar Limestone Member, the
ooids are rare and relatively small; from the middle part
to the top of the Lower Member their proportion in-
creases but does not exceed 40 % of shallow-water
grains. In the Upper Member, on the contrary, ooid
packstone facies containing only about 10 % of other
grains is common. Oolites occur as part of a turbidite
sequence or as independent deposits. Pure oolite beds
show no grading and can be more than 20 m thick.
Compared to the Lower Bar Limestone Member, the
overall succession of the Upper Member exhibits a
coarser grained composition, thicker bedding and pro-
portionally less lime mudstone beds associated.

The Lastva Radiolarite is a sequence of rhythmi-
cally alternating chert and shale layers; beds of silici-

Figure 7: View to the two superposed tectonic units of the Budva Zone in NW Kotor Bay above the town of Bijela.
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fied calcarenites are interstratified. The formation in-
cludes the supposedly lower Toarcian shales, which
directly overlie the Lower Bar Limestone Member but
are too poorly exposed to be defined as a separate
lithostratigraphic unit. The oldest age determined
with radiolarians is Aalenian-early Bajocian. The top
of the formation is characterized by a transition to pe-
lagic limestone and is dated to the middle Tithonian.
The Lastva Radiolarite is partly the lateral equivalent
of carbonate gravity-flow deposits hence, the thickness

(Figure 8) and the time span (Figure 9) of this forma-
tion vary considerably across and along the basin.

Considering the colour, shale content and bedding
style, several radiolarite facies can be distinguished. In
all sections, these facies occur in the same stratigraphic
order butare laterally diachronous and their sequence is
rarely complete (Figure 9). From base to top these fa-
cies are:

The variegated facies (V) is in the lower part (V1)
characterized by a very high proportion of dark green or

Figure 8: Schematic lithological columns of different sections in the Budva Zone (from GORICAN 1994). Stratigraphic range of
the formations is shown in Figure 9. For detailed columns of the field-trip sections at Gornja Lastva, Petrovac and Canj see

Figures 10, 12, 15.

FOLIA BIOLOGICA ET GEOLOGICA 63/2 - 2022



S. GORICAN ET AL.: MESOZOIC BASINS OF THE SOUTHERN DINARIDES, MONTENEGRO

brownish shale alternating with thin, about 5 cm thick
grey laminated sandstone consisting of densely packed
sponge spicules and radiolarians and centimeter-thick
layers of dark variegated argillaceous chert. Chert beds
do not exceed 30 % of the sequence. Higher in the sec-
tions (V2) the shale constituent gradually decreases.
Dark reddish-green chert beds are thicker (5-10 cm),
sometimes nodular, and are progressively less argilla-
ceous. Siliceous sandstone beds disappear. Cherts repre-
sent 60 — 90 % of the sequence. The preservation of ra-
diolarians is poor in the lower and moderate in the
upper part. Some slightly argillaceous chert beds con-
tain very well preserved and diverse fauna.

The green radiolarite (G) generally consists of
thicker (average 10 cm) unevenly bedded, sometimes
laminated greyish-green chert. Thin interlayers of

slightly argillaceous yellowish-green chert are present
at joints. These layers can yield pyritized radiolarians
but the average preservation is poor. The content of
chert varies from 95 % to 100 % of the sequence. Where
the green radiolarite extends to the Kimmeridgian
(Figure 9), up to 20% shale interlayers are present.

The greenish-red (GR) knobby radiolarite is char-
acterized by 3 cm to 15 cm thick undulating chert beds
alternating with a maximum 5 % shale. This facies is
only a few meters thick and always interstratified be-
tween the green radiolarite and the red knobby radiolar-
ite. Chert beds are red in the middle part and green at
the margins. Radiolarians are abundant, diverse and
well preserved.

The red knobby radiolarite (Rk) facies consists of
decimeter-sized nodular chert beds with a high pinch

Figure 9: Chronostratigraphic view of lithofacies in the sections of Figure 8 (from GORICAN 1994). Legend same as Figure 8.
Radiolarian cherts and shales are colored according to their natural color. Sections 3 to 7 are part of the lower tectonic unit,

other sections are part of the upper tectonic unit.
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to swell ratio. No shale is interlayered. At Canj, where
this facies is best exposed, it changes from orange-red
through dark red to brick-red upsection. Radiolarians
are well preserved.

The red ribbon (Rr) radiolarite displays a very reg-
ularalternation of dark brownish-red argillaceous chert
(beds 3 to 6 cm) and centimeter-sized shale interlayers.
The content of chert beds varies from 80 % to 90 %. Ra-
diolarians are abundant but moderately well preserved
and usually compressed because of the compaction of
the relatively clay-rich sediment.

In addition to radiolarians, sponge spicules and
rhaxes occur through all the radiolarite succession.
They are especially abundant in the lower variegated fa-
cies, where they prevail over radiolarians.

Carbonate gravity-flow deposits are intercalated
throughout the Lastva Radiolarite. Calcarenite beds are
silicified, generally 5-20 cm thick, rarely up to 30-40
cm. A few thicker graded turbidites, which escaped
complete silicification are interstratified.

The Praevalis Limestone is composed of bedded
marly micrite (beds 10-20 cm) with replacement chert
nodules and layers. The general colour of limestone is
light red to violet red, rarely white to pale green; cherts
are vivid red. Bedding planes are undulated. In the
upper part of the formation, reddish marls are interca-
lated. The limestone beds contain a maximum of 15 %
calcified radiolarians in a mud matrix. Very rare calpi-
onellids were found in the lower part of the formation.
Relatively abundant and well-preserved radiolarians
were extracted from chert nodules. The formation is up
to 50 m thick and ranges from the Upper Tithonian to
the Hauterivian-Barremian; in the SE part of the basin
(see section Bar in Figures 8 and 9) the formation ranges
to the Aptian-early Albian. The entire formation locally
consists of chaotic beds interpreted as highly evolved
slump to debris-flow deposits (see Stop 2 below).

The transition from the Praevalis Limestone to the
overlying Bijela Radiolarite is gradual, marked by a
progressive increase in clay and silica content. The base
of the radiolarite is defined where the sequence has a
typical radiolarite aspect of thin siliceous beds alternat-
ing with clayey marls. The predominant Bijela Radiolar-
ite consists of thin-bedded (1-3 cm) dark red chertand a
very high proportion of shale that makes up to 80 % of
the sequence. Several levels, ranging in thickness from
0.5 to 1.5 m, of green radiolarite are interstratified.
Chert beds in these green levels are also thin (1-3 cm)
but the percentage of shale interlayers is much lower
(5-20%) than in the red radiolarite. The maximum esti-
mated thickness of the formation is 60 m. Cherts yield
abundant but moderately preserved radiolarians and
sponge spicules. The base of the Bijela Radiolarite is as-
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signed to the Hauterivian-lower Barremian. The young-
est age obtained for the top is early Turonian.

The Mesozoic succession ends with the Globotrun-
cana limestone, a predominantly reddish Scaglia-type
pelagiclimestone that contains chert nodulesandlayers.
The formation is up to 150 m thick. Planktonic fo-
raminifera are abundant, especially in the Campanian
and Maastrichtian (DANILOVA 1958).

Tithonian and Cretaceous resedimented carbon-
ates are commonly interstratified in pelagic sequences
and may, in the proximal sections, completely replace
radiolarite and micriticlimestone. The predominant de-
posits are turbidites consisting of graded fine breccia or
calcarenite, to calcisiltite sequences, occasionally with
thin marl interbeds. Up to several- meters thick debris-
flow breccias are characteristic of the NW part of the
Budva Zone. In contrast to the Bar Limestone, which
containspenecontemporaneousplatform-derivedmate-
rial, are the Tithonian-Maastrichtian resedimented
limestones mostly composed of angular lithoclasts de-
rived from the erosion of somewhat older platform lime-
stones. Subrounded carbonate-mudstone clasts with
pelagic fauna are very rare. Fine-grained beds are often
silicified; the overall succession contains 15-25 % of re-
placement chert.

Stop 1: Gornja Lastva near Tivat

Lower tectonic unit, Hettangian to Upper Campanian.

Location: near Tivat, along the road from Donja
Lastvato GornjaLastva, thesectionstartsatN42°27°08”,
E 18°42°01”, Basic Geological Map sheet Kotor
(ANTONDJEVIC et al. 1969).

A continuous Jurassic and Cretaceous section con-
sists of 40 m of the “Passée Jaspeuse”, 150 m of the Bar
Limestone, 150 m of the Lastva Radiolarite, 50 m of the
Praevalis Limestone, 35 m of the Bijela Radiolarite and
continues with more than 70 m of carbonate gravity-
flow deposits and Globotruncana limestone (Figure 10
a-f).

The “Passée Jaspeuse” with a sharp contact over-
lies grey micritic limestone (bed thickness 10-15 cm)
with chert nodules. In the lowermost part some silici-
fied calcarenites are interstratified; the remaining
“Passée Jaspeuse” consists of thin-bedded brownish to
greenish highly siliceous limestone. The internal part
of beds usually contains replacement chert. Some beds
contain less silica and are light grey in colour. The pro-
portion of shale/marl interlayers is high; in the middle
part of the section, these interlayers attain up to 60 %
of the sequence. Rare decimeter-sized beds of intra-
formational breccia occur in the lower half of the sec-
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Figure 11: Jurassic and Cretaceous formations of the Gornja Lastva section.

a) Thin-bedded siliceous limestone and intra-formational breccia with chert and micrite clasts in the “Passée Jaspeuse” formation.
b) Ripple marks in the Lower Bar Limestone Member.

¢) Variegated facies of the Lastva Radiolarite.

d) Upper variegated radiolarite with a decimeter-thick bed of silicified calcarenite.

e) Bijela Radiolarite. Albian part in which the proportion of shale is the highest.

f) Bedded calcarenite with chert at the base of the Globotruncana limestone.
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tion (Figure 11a). Three poorly preserved radiolarian
assemblages were analysed from this section (Figure
10a; GORICAN 1994). The samples GL 105 and GL 109
contain Pantanellium tanuense Pessagno & Blome,
which is regarded as a Hettangian index (PESSAGNO et
al. 1987; CARTER et al. 1998). Sample GL 4 above con-
tains the genus Wrangellium, whose first appearance is
documented in the Late Sinemurian (O’DOGHERTY et
al. 2009b).

The overlying Bar Limestone (Figure 10b) mostly
consists of classical turbidites that start with a graded
calcarenite unit. A few tens of centimeters thick bed of
clast-supported conglomerate to pebbly calcarenite
rarely occurs at the base. On the other hand, fine-
grained turbidites composed of base-absent Bouma
sequences are common and make up more than 10
meters thick packages. The entire succession is organ-
ized in roughly three larger fining-upward sequences.

This section is the type section of the Lastva Ra-
diolarite, which here consists of the complete sequence
of different facies from the lower variegated facies at
the base to the red ribbon radiolarite at the top (Fig-
ures 10c, 1lc, d). The lowermost productive sample
GL 123, found 40 m above the top of the Bar Lime-
stone, correlates with UA Zone 2 (Upper Aalenian) of
BAUMGARTNER et al. (1995). The uppermost sample
GL 138, collected 8 m below the boundary with the
Praevalis Limestone is assigned to UA Zone 12 (Lower
- lower Upper Tithonian). The age assignments of all
other productive samples, expressed in UA zones of
BAUMGARTNER et al. (1995), are indicated in Figure
10c. The chronostratigraphy of individual radiolarite
facies and their correlation with other sections of the
Budva Zone is shown in Figure 9.

The contact with the overlying Praevalis Limestone
(Figure 10d) is sharp. Only the lowermost beds of mic-
rite limestone with replacement chert nodules still con-
tain some marly interlayers and also a thin bed of car-
bonate breccia. The remaining 30 m of the Praevalis
Limestone are free of resedimented carbonates and con-
sist of 5-15 cm thick beds of white or light reddish to
greenish micrite and up to 5 cm thick beds, lenses and
nodules of dark red replacement chert. The replacement
chert makes approximately 30% of the succession. Ra-
diolarians in sample GL 139 at the base of the formation
correlate to UAZ 13 of BAUMGARTNER et al. (1995).

The boundary with the Bijela Radiolarite (Figure
10d) is transitional and poorly exposed. The thickness
of beds decreases, the silica content is higher and marly
interlayers are present again. Sample GL 214 contains
Aurisaturnalis variabilis (Squinabol) that is character-
istic of the Hauterivian to early Barremian age. Higher
up, the section consists of thin-bedded chert and 40-

60% shale (Figure 11e). Silicified calcarenites are inter-
stratified in the upper 8 meters of the formation. Based
on Thanarla spoletoensis O’Dogherty, sample GL 215
near the top of the radiolarite is assigned to the Albi-
an-lowermost Cenomanian Spoletoensis Zone of
O’DOGHERTY (1994).

The following 70 meters of the section start with
thick-bedded (60-100 cm) calcarenite with a high con-
tent of replacement chert (Figure 11f). The first plank-
tonic foraminifera were found in light pink micrite ap-
proximately 2 m above the last thick calcarenite bed (Fig-
ure 10e, sample GL 1). The remaining part of the section
consists of an alternation of Globotruncana-bearing mic-
rite, marly limestone, cherts layers and calcarenite. Mic-
ritic limestone without fossils is also common. Higher in
the section, reddish Globotruncana limestone prevails.
The section is divided into several red (RGL - Red Glo-
botruncana Limestone) and white to light ocher (WGL -
White Globotruncana Limestone) units. The preliminary
analysis of the planktonic foraminifera suggests that the
age of the lower RGL part (Figure 10e) is Early Campa-
nian based on rare occurrence of Globotruncanita stuar-
tiformis (Dalbiez), abundant Contusotruncana fornicata
(Plummer), Globotruncana linneiana (d’Orbigny), Glo-
botruncanita elevata, abundant specimens of the genus
Planoheterohelix, and the absence of marginotruncanids.
Planispiral forms are also very common. The uppermost
RGL towards the end of the section has abundant Glo-
botruncanita  plummere (Gandolfi), Globotruncana
bulloides (Vogler) and a lesser amount of G. elevata
(Brotzen). Contusotruncana walfischensis (Todd) and Ra-
dotruncana subspinosa (Pessagno) are also present in
some samples, suggesting Late Campanian age. Further
and more detailed analyses are in progress (by A.K.).

The Gornja Lastva village is built on the Glo-
botruncana limestone, which is the uppermost strati-
graphic unit at this locality. The Vrmac Mountain
above the village belongs to the upper thrust sheet of
the Budva Zone.

Stop 2: Petrovac

Lower tectonic unit, Upper Triassic to upper Aptian-
lower Albian.

Location: near Petrovac, along the road from Petro-
vac to Podgorica, at the junction with the littoral road
Budva - Bar; the section starts at N 42°12’°39”, E
18°56'41”, Basic Geological Map sheet Budva (ANTONI-
JEVIC et al. 1969).

The measured section consists of 35 m of the “Pas-
sée Jaspeuse”, 50 m of the Bar Limestone, approximately
30 m of the Lastva Radiolarite and approximately 50 m
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of the Praevalis Limestone in contact with the Bijela Ra-
diolarite (Figures 12a-d). This succession is part of the
reversed limb of a syncline, which, in addition, is in-
tensely folded internally.

The Triassic cherty limestone at this section is well
exposed in a thickness of nearly 150 m and ranges
from the Middle Triassic to the Rhaetian (CAFIERO &
DEe CAPoA BONARDI 1980, 1981; GORICAN 1994). The
“Passée Jaspeuse” contains a relatively high proportion
of carbonate and is lighter in colour than in the other
sections. The transition with the underlying and also
with the overlying formation is thus more gradual. The
sample PK 20 near the top of the formation (Figure
12a) includes the genus Gigi, whose FAD is in the
Lower Pliensbachian (O’DOGHERTY et al. 2009b). It is
thus possible that the “Passée Jaspeuse” ranges to the
base of the Pliensbachian.

The Bar Limestone is only 50 m thick and consists of
fine, often faintly laminated cherty limestone with thin
interbeds of marl. In the slightly reddish upper part, bio-

turbation is frequent. The entire sequence is character-
ized by a uniform basin-plain facies association.

The overlying green and violet shale is supposedly
Early Toarcian in age (Figure 13). A breccia, consisting
of large blocks of limestone, radiolarite and shale fol-
lows upsection. It wedges out in a distance of a few me-
ters. Blocks and clasts of Upper Triassic limestones are
the most abundant and evoke the Hallstatt Limestone
of the Northern Calcareous Alps. The Lower Norian
components consist of grey radiolarian-filament bear-
ing wackestones and correspond to the Massiger Hell-
kalk. The upper Lower Norian to Middle Norian com-
ponents are red radiolarian-filament limestone with
small chertnodules corresponding to the Hangendrot-
kalk. The Upper Norian to Lower Rhaetian compo-
nents are radiolarian wackestones with rare filaments
corresponding to the Hangendgraukalk. Rhaetian
conodonts appear in grey siliceous radiolarian-rich
wackestones. Spicules-rich grey siliceous components
are most likely of Early Jurassic age. The reworked sed-

Figure 12: Lithological columns of the Petrovac section (Stop 2). a) “Passée Jaspeuse” Formation, b) Bar Limestone, ¢) Lastva
Radiolarite and base of the Praevalis Limestone, d) Praevalis Limestone and base of Bijela Radiolarite. Legend same as Figure 8.
Note that the columns are not drawn at the same scale. Numbers in brackets refer to UA Zones of BAUMGARTNER et al. (1995).
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Figure 13: Jurassic formations of the Petrovac section and reconstruction of the Upper Triassic succession reworked in the
Jurassic breccia. Explanation on the photographs. Note the section is in overturned position.
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imentary sequence resembles a classical Hallstatt
Limestone succession as known in the whole western
Tethys realm (KrysTyn 2008). Redeposition of this
Hallstatt Limestone sequence is age equivalent with
the Hallstatt Mélanges known in all mountain ranges
in the eastern Mediterranean (GAWLICK & MISSONI
2019 and references therein). Similar Hallstatt Lime-
stone successions are also known in the Budva unit,
e.g. in the Canj embayment (GAWLICK & MISSONI
2015). Below the mass transport deposit with the Hall-
statt Limestone components turbiditic layers with
ooids and other shallow-water grains, including Proto-
peneroplis sp., occur.

The Lastva Radiolarite consists of three facies:
green, green-red knobby and red knobby radiolarite and
ranges from UA Zone 8 (middle Callovian - early Ox-
fordian) in sample PK 12 to UA Zone 9 (middle-late Ox-
fordian) in sample PK 7 (Figure 12b). These data clearly
show that the base and the top of the radiolarite se-
quence are cut-off (Figure 9).

The most conspicuous feature of the Petrovac sec-
tion is thick chaotic beds of the Praevalis Limestone
(Figure 12d). They are 1 m to several meters thick, sepa-
rated by a few tens of centimeters of undisturbed bedded
limestone. The encompassed cherts show considerable
deformation; they have a form of ruptured, folded layers
or rotated nodules (Figures 14a, b). In the lower part of
the section, up to 1 m large clasts of Tithonian ribbon
radiolarite are incorporated in these megabeds (Figure
14a). The chaotic beds at Petrovac are interpreted as
highly evolved slumps to debris-flow deposits, which
moving downslope eroded the underlying sediments.
The base of the overlying Bijela Radiolarite (sample
PK 1) is assigned to the upper Aptian-lower Albian
based on Turbocapsula costata (Wu).

Stop 3: Canj

Lower tectonic unit, Rhaetian to Campanian.

Location: two nearby localities near the tourist vil-
lage Canj: Pecinj Bay (N 42°09’40”, E 18°59°30” E) for the
Rhaetian to Pliensbachian, Canj Beach (N 42°09'45”,
E 18°59’43”) for the Middle Jurassic to Upper Creta-
ceous; BasicGeologicalMap sheetsBudva(ANTONIJEVIC
et al. 1969) and Bar (MI1rKkOVIC et al. 1968).

The section consists of the Halobia limestone, 30 m
of the “Passée Jaspeuse”, 150 m of the Bar Limestone,
80 m of the Lastva Radiolarite (including a 20 m thick
unit of resedimented carbonates), 20 m of the Praevalis
Limestone, approximately 50 m of the Bijela Radiolarite,
and more than 30 m of the Globotruncana limestone
(Figures 15a-e).

The Halobia limestone consists of cherty micrite
and fine-grained resedimented limestone beds (Figure
16a). Slump and intra-formational debris-flow deposits
containing clasts of red chert occur in the upper part
(Figures 15a, 16b). Thin marly intercalations are com-
mon between pelagic limestone beds. The overlying
“Passee Jaspeuse” is an easily mappable dark brownish-
reddish unit of siliceous limestone alternating with
shale (Figures 16 c—e). Texturally, these highly siliceous
limestones are mostly calcisiltites or mudstones to pack-
stones containing radiolarians. A few beds with clasts of
siliceous limestone are present in the middle part of the
formation where slump folds also occur and the amount
of interstratified shale is the highest (Figure 15a). Near
the top of the “Passée Jaspeuse”, the limestone beds are
thicker and the carbonate content is higher.

A detailed 20 m thick section across the boundary
between the Halobia limestone and the “Passée Jas-
peuse” was measured and sampled bed by bed for radio-

Figure 14: Lower Cretaceous Praevalis Limestone Formation, Petrovac section.
a) Large clasts of Tithonian ribbon radiolarite in the lower part of the formation (at 152 m in the lithological column, Figure 12d).
b) Folded chert layers and rotated nodules float in a deformed micritic matrix (at 160 m in the lithological column, Figure 12d).
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Figure 16: Upper Triassic and Lower Jurassic formations of the Canj section.

a) Halobia limestone; micrite with chert nodules.

b) Closer view of the Halobia limestone 20 m below the boundary with the “Passée Jaspeuse”. Limestone beds separated by thin
marly interlayers; base of an intraformational debris-flow conglomerate with clasts of red chert visible on the right.

¢) Well-exposed contact between the Halobia limestone and the “Passée Jaspeuse”. The section of Figure 17 was measured at this
outcrop.

d) Siliceous limestone and marl of the “Passée Jaspeuse”.

e) The brownish unit in the middle part of the photograph is the 30 m thick “Passée Jaspeuse”, which lies between the Halobia
limestone below and the Bar Limestone above.

f) Lime-mud dominated turbidites in the lower part of the Lower Bar Limestone Member.
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larians and stable carbon isotope analyses (CRNE et al.
2011). The sharp lithological boundary coincides with
the Triassic-Jurassic boundary as determined with ra-
diolarians of the Globolaxtorum tozeri Zone near the
top of the Halobia limestone and radiolarians of the
Canoptum merum Zone at the base of the “Passée Jas-
peuse” (see Figure 17 for the position of productive ra-
diolarian samples). Faunal changes across the system
boundary are comparable to those recognized in Haida
Gwaii, British Columbia, and in Japan (CARTER &
Hor12005; LONGRIDGE et al. 2007). A negative spike in
the stable carbon isotope curve, measured in bulk car-
bonate and in bulk organic matter, was detected at the

Figure 17: (reproduced from CrNE et al. 2011):

very base, in the boundary shales of the “Passée Jas-
peuse” and is coincident with the rapid drop in car-
bonate content from more than 80 % to less than 10 %
(Figure 17). The contemporaneous negative anomaly
in both, bulk carbonates and bulk organic matter, as
well as the comparison with other stable carbon iso-
tope records across the Triassic-Jurassic boundary
confirm that the anomaly reflects a global perturba-
tion of the carbon cycle. The simultaneous drop in car-
bonate content can be a result of accelerated carbonate
dissolution, or more probably a consequence of re-
duced carbonate input due to a biocalcification crisis.
A biocalcification crisis sensu lato includes not only a

Detailed stratigraphic log of the Triassic-Jurassic boundary section with stable carbon and oxygen isotope curves, carbonate
content curves and marked position of radiolarian samples (red and blue bars with sample numbers). The intervals of the carbon
isotope curve (1-5) were correlated with the published curves; the position of the Hettangian-Sinemurian boundary, 5.5 m above

the Triassic-Jurassic boundary is based on this correlation.

Upper right frame: Stable carbon isotope curves for bulk carbonate (813Ccarb) and bulk organic matter (813Corg) from Canj
section and comparison with stable carbon isotope curve from bulk organic matter in British Columbia (WILLIFORD et al.
2007). The Triassic-Jurassic boundary of both sections is precisely dated with radiolarians.
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lowered production of shallow-water carbonate but
also a change in the carbonate production mode from
skeletal to microbial, which would have equally led to
reduced offshore shedding. Both scenarios are com-
patible with increased CO,, SO, and CH, fluxes due to
the Central Atlantic magmatic province volcanism
causing undersaturation of ocean with respect to cal-
cium carbonate (see CRNE et al. 2011, for more details).

The lower half of the Lower Bar Limestone Member
(Figure 15b) is dominated by fine-grained turbidites or-
ganized in base-cut-out Bouma sequences (Figure 16f).
Medium-grained turbidites prevail in the upper part.
Four levels of clast-supported conglomerates capped by
normally graded pebbly mudstone are intercalated. The
thickest conglomerate bed reaches 16 m and consists of

large (up to 20x50 cm) densely packed calcilutite clasts
(when visiting this stop, note that some plurimetric blocks
broken off the thickest conglomerate unit are nicely ex-
posed on the beach). These conglomerate levels are distal
equivalents of disorganized debris-flow breccias exposed
at the Sutomore section, which is located in close vicinity
but is part of the upper tectonic unit (see figure 2.2 in
GORICAN 1994, for the correlation of these two sections).

The Upper Bar Limestone Member, well distin-
guished by its pure oolitic limestone beds constitutes a
few-meters thick unit above a covered interval and
below the first outcropping radiolarian chert (Figure
15b). Another 20 m thick unit of oolite, coarse-grained
graded conglomerate and calcarenite is interstratified
in the Lastva Radiolarite (Figures 15b, ¢); this unit was

Figure 18: Upper Jurassic and Upper Cretaceous formations of the Canj section.

a) Lastva Radiolarite Formation, red knobby radiolarite, Oxfordian-Kimmeridgian.

b) Lastva Radiolarite Formation, red ribbon radiolarite, Lower Tithonian.

¢) Red and white units of the Globotruncana limestone. The red limestone visible as dip slope in the background belongs to the
Lower Cretaceous Praevalis Limestone. The mostly covered depression between the two formations corresponds to the Bijela

Radiolarite.

d) Siliceous limestone of the lower red unit of the Globotruncana limestone.
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interpreted as a single compound gravity-flow deposit.
Middle-late Bajocian radiolarians (UAZ 3 of Baum-
GARTNER et al. 1995) were found in the variegated ra-
diolarite below the oolite. Latest Bathonian-Callovian
radiolarians (UAZ 7 were found in the green radiolar-
ite above. The remaining few meters of green radiolar-
ites, also assigned to UAZ 7, include beds of silicified
calcarenite, but the following red-green and red radio-
larites (Figures 18a, b) are devoid of resedimented car-
bonates. The uppermost sample collected in red ribbon
radiolarite 0.5 m below the boundary with the Praeva-
lis Limestone belongs to the Lower to lower Upper
Tithonian UAZ 12. For the age assignments of all pro-
ductive radiolarian samples, expressed in UA zones see
Figure 15c. The chronostratigraphy of individual ra-
diolarite facies and their correlation with other sec-
tions of the Budva Zone is shown in Figure 9.

The Praevalis Limestone consists of reddish mic-
rite with red replacement chert lenses. The overlying
Bijela Radiolarite is poorly exposed; its thickness was
estimated to 50 meters (Figure 15d). The radiolarian
assemblage in sample 298.60 near the base of the for-
mation contains Aurisaturnalis carinatus perforatus
Dumitrica & Dumitrica Jud, whose range is restricted
to the Upper Barremian - Lower Aptian (DUMITRICA
& DumiITrICA JUD 1995). The topmost sample contains
Hemicryptocapsa polyhedra Dumitrica and Afens liri-
odes Riedel & Sanfilippo that first appear in the lower
Turonian (O’DOGHERTY 1994) together with abundant
Pseudodictyomitra pseudomacrocephala (Squinabol)
that last appears in the Turonian (PEssaGNo 1977).
The Turonian age is the youngest age recorded in the
Bijela Radiolarite (Figure 9). In comparison with other
sections so far studied in the Budva Zone, the Canj
section is the only section where the entire Berriasian
to Turonian succession consists exclusively of distal
pelagic facies (radiolarite and pelagic limestone) with-
out carbonate gravity-flow deposits.

The overlying Globotruncana limestone is subdi-
vided into several reddish to light pink and white units
(Figures 15e, 18c, d). The studied section is 31 m thick
and starts with several 10 cm to 18 cm thick layers of
white-gray micrite. Upward, these limestone layers
reach thickness of up to 70 cm and are interbedded with
thin horizons of dark gray chert and layers of resedi-
mented carbonates up to 20 cm thick (Figure 15e; White/
gray sequences). The occurrence of Upper Cretaceous
planktonic foraminifera in this part of the section is
rare. The exception is the first resedimented carbonate
layer (Figure 15e; CN-1), where the assemblage of plank-
tonic foraminifera such as Globotruncanita elevata
(Brotzen), the high abundance of Globotruncana linnei-
ana (d’Orbigny), and the low abundance of Globotrun-

canita stuartiformis (Dalbiez) indicate the Early Campa-
nian age. The following unit is an 8.4 m thick package of
alternating reddish and light pink micrite (up to 20 cm
thick), thin layers of reddish marly limestones, and lay-
ers of gray to reddish chert up to 30 cm thick. Plank-
tonic foraminifera were not found in these beds. The
following sequence is composed of reddish to light pink
Globotruncana limestones (RGL), red chert beds and
pink calcarenite layers with red grains. This RGL sec-
tion is interrupted once by a 1.5 m thick sequence of
white-grey to light ocher Globotruncana limestone and
chert (WGL). The first occurrence of Globotruncanita
atlantica (Caron) in the lower RGL section (Figure 15¢;
CN-6) confirms the Early to Middle Campanian age. In
the WGL beds (Figure 15¢; CN-8) zonal marker Contu-
sotruncana plummerae (Gandolfi) appears for the first
time and is present throughout the upper RGL section
along with abundant Globotruncanita stuartiformis
(Dalbiez) and decreased amount of G. elevata (Brotzen),
suggesting the Late Campanian age. The research on the
Upper Cretaceous of the Budva Zone is in progress (by
AK\). Since Coniacian and Santonian ages have not
been documented, we plan to examine more closely es-
pecially the transition from the Bijela Radiolarite to the
Globotruncana limestone.

Stop 3-supplement: Canj center

Middle Triassic chert in a thrust sheet above the main
Canj section.

Location: Canj village, in front of hotel Jadranski
Biser (N 42°0946”, E 18°59’38”). Basic Geological Map,
sheet Bar (MIRKOVIC et al. 1968).

Ladinian radiolarites occur in a deep-water succes-
sion, comparable to the succession of the outer shelf fa-
cies in the Northern Calcareous Alps and Inner Dinar-
ides (stratigraphic log in Figure 19). Radiolarians of the
Upper Ladinian Muelleritortis cochleata Zone (Kozur
& MoSTLER 1994) were found in the red radiolarian
cherts.

Stop 4: Markovici

Lower tectonic unit, Middle Triassic.

Location: on the road from Budva to Cetinje, about
8.5 km NE from Budva (N 42°18°06”, E 18°51’25”, Basic
Geological Map sheet Budva (ANTONIJEVIC et al. 1969).

The section consists of three units — the Tudemili
Formation in the lower part, a megabreccia in the mid-
dle, and tuffitic layers of Pietra Verde in the upper part
of the section (Figure 20).
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The Tudemili Formation in this section is repre-
sented by alternation of fine calcarenites with marly lay-
ers, 19 meters in thickness, representing the distal part
of this formation. Otherwise very fossiliferous, the out-
crop of this formation in Markovi¢i does not contain
any megafossils. In other localities the formation is well
dated with crinoids, bivalves and brachiopods
(DIMITRDEVIC 1967), and recently with ammonoids
(Paxovi¢ 2018) of Pelsonian age.

Overlying the Tudemili Formation isa megabreccia,
8 meters thick. The matrix of this bed is a gray clayey-
marly sediment, similar to marls of the underlying
Tudemili Formation. Blocks in this bed are built of Per-
mian reefal limestones (KRYSTYN, personal communi-
cation) along with crinoidal and brachiopod limestones,
nodular limestones with ammonoids, shallow water
limestones etc., all of Anisian age. A block of nodular
limestone contains ammonoid species Gymnites toulai,
Metasturiagracilis, Acrochordiceras sp. etc., of Pelsonian

age (Dakovi¢, unpublished). Considering that the lime-
stones blocks from this megabreccia do not contain any
fossils younger than Pelsonian, the assumed age of the
matrix is Illyrian.

The upper part of the succession is separated by a
subvertical fault from the underlyingbreccia and is built
of green tuffs, the so-called Pietra Verde, approximately
30 m thick. This uniform series contains rare interlayers
of chert or limestone, but without recognizable fossils
in the Markovici section. As already indicated, CAFI-
ERO & DE CaPoA BoNARDI (1980) described bivalves
of latest Ladinian age from the uppermost part of this
sequence in Becici.

The section ends at a thrust contact with the Bijela
Radiolarite. A sample in this radiolarite contained Pseu-
dodictyomitra macrocephala (Squinabol) and other typ-
ical mid-Cretaceous taxa. No radiolarians have so far
been extracted from the Triassic rocks of the Markovi¢i
section.

Figure 19: Triassic radiolarite in the center of village Canj. Stratigraphic position (a), general view (b) and detail of the outcrop
(c). The lithological column (a) according to GAWLICK & MISSONI (2015).
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Figure 20: Lithological column of the Markovii section and field photographs of the three stratigraphic units.
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Sedimentary evolution of the Budva Basin and correla-
tion with the High Karst Carbonate Platform

Differentlocalities across the Budva Zone preserve Mes-
ozoic carbonate-gravity flow deposits as well as fully
pelagic sequences. The correlation among these succes-
sions allows us to make inferences on local factors con-
trolling the carbonate supply from the adjacent plat-
form, and on regional Tethyan-wide paleoceanographi-
cal conditions affecting pelagic sedimentation.

During the Early Triassic, the areas of the present
Budva and High Karst zones were occupied by a uni-
form sedimentation of red marine sandstones, dolo-
mites and marly limestones (Z1vALJEVIC 1989). The dif-
ferentiation of this paleogeographic realm started in the
Anisian with the deposition of limestone conglomerates
(the Crmnica Formation) and mixed carbonate-silici-
clastic Tudemili Formation formerly known under the
name “Anisian flysch”. These deposits are overlain by
volcanic and volcaniclastic rocks associated with lime-
stone and chert.

A different opinion on the onset of subsidence was
recently proposed by KrRysTYN et al. (2019) describing
deeper water facies in the Lower Triassic of the Budva
Zone, containing conodonts and ammonoids (Paxovi¢
etal. 2022). These sediments differ from time equivalent
Werfen type deposits that can be found withing the
High Karst in Braji¢i (ANTONDEVIC 1969) or elsewhere
in the Dinarides (e.g. ALjINOVIC et al. 2018). This would
imply that the Budva Basin was already differentiated
from the High Karst zone in the Smithian and that
Crmnica and Tudemili formations belong exclusively to
the Budva Zone (KrysTYN et al. 2019). Cherty lime-
stones of Bithynian age, containing ammonoids and
conodonts, have also been described from the Budva
Zone (PaxoviC etal. 2018), representing a deeper water
facies than the time equivalent rocks of the High Karst
Zone (e.g. CAPENOVIC et al. 2014).

The Budva Basin remained a deep-sea trough
through the entire Mesozoic. In the Triassic and Juras-
sic, the great majority of carbonate mud in deep-sea
sediments was of platform origin. It was not until the
latest Jurassic that calcareous nannoplankton had their
first bloom and not until mid-Cretaceous that plank-
tonic foraminifera became an important component of
pelagic limestones. The proportion of biogenic silica in
sediments of deep continental-margin basins was thus
primarily determined by the amount of lime mud shed
from the adjacent platforms; this platform/basin corre-
lation is well perceivable in Mesozoic deposits of the
Budva Zone (Figure 21).

The prominent Rhaetian-Hettangian facies change
from pelagic limestones to carbonate-poor siliceous de-
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posits is correlated to the facies change on the margin of
the High Karst Carbonate Platform, where the thick-
bedded Upper Triassic Dachstein limestone with abun-
dant Rhaetian fauna is overlain by medium-bedded
Lower Jurassic micritic limestones containing almost
exclusively peloids and only rare foraminifera (CRNE &
GoRrIC¢AN 2008). This facies change marks the drowning
of the southwestern part of the High Karst Carbonate
Platform. The drowning event on the platform margin
was possibly amplified by accelerated tectonic subsid-
ence and a sea-level rise.

The carbonate production on the platform was re-
stored by the end of the Sinemurian. The margin of the
High Karst Carbonate Platform wasasouthwestdipping
ramp with lithiotid limestones in the inner ramp, peloi-
dal packstones in mid-ramp and peloidal packstones
with abundant chert in outer ramp; ooid banks formed
in the mid-ramp setting in times of warm climate and
high sea-level temperatures, i.e. in the late Early Pliens-
bachian (CrNE 2009). During the Early Toarcian, the
platform margin was flooded again; marls and marly
limestones accumulated. The recovery phase from the
middle Toarcian to the Aalenian was marked by deposi-
tion of bioclastic limestone with echinoderm frag-
ments, brachiopods and filaments (CRNE & GORIGAN
2008; CRNE 2009).

The Early Toarcian flooding corresponds to the
boundary between the Lower and the Upper Bar Lime-
stone members. The Upper Member differs from the
Lower Member by a higher proportion of ooids, coarser
grain-size, thicker bedding and less lime-mudstone
bedsassociated. Thick pure ooliticbeds are present. Lat-
erally, it is less expanded than the Lower Member (Fig-
ure 21). The differences in composition and lateral dis-
tribution were caused by a reorganization of the plat-
form margin after the Toarcian. The Pliensbachian low
reliefcarbonate ramp with smaller discontinuous oolitic
shoals supplied large volumes of detritus to the relatively
gentle slope and to the basin. The Middle Jurassic plat-
form margin, in contrast, was dominated by oolitic bars
(Rapoic¢i¢ 1982), which provided the major platform
component displaced to the basin. In addition, they
seem to have trapped and hampered the transport of
lagoonal-mud offshore. As a consequence, the gravity
flows travelled shorter distances, produced steeper
slopes, and allowed the accumulation of lime-free radio-
larite (Lastva Radiolarite) distally.

A radical change in platform margin architecture
took place at the beginning of the Late Jurassic with the
development of a coral-stromatoporoid reef complex
(Raporc¢i¢ 1982). Early cementation welded the reef
marginintoarigid wave-resistant mass, which efficient-
lyblocked the offshore sediment transport. The Oxford-
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Figure 21: Basin-platform facies relationship through time between the Budva Basin and the High Karst Platform (from
GORICAN 1994).

FOLIA BIOLOGICA ET GEOLOGICA 63/2 -2022 | 119



120

S. GORICAN ET AL.: MESOZOIC BASINS OF THE SOUTHERN DINARIDES, MONTENEGRO

ian-Kimmeridgian time interval was therefore a period
of most widely expanded radiolarite sedimentation. Dis-
tal sequences, characterized by lime-free deposition
from the Middle Jurassic, recorded a drastic reduction
of interstratified calcarenites.

Green radiolarites, wide-spread in the Budva Basin
before the Oxfordian, were replaced by red radiolarites in
the Late Jurassic times. This facies change was diachro-
nous; oxygen depleted conditions persisted longer in
near-platform areas (Figures 9, 21). The Budva Basin is
comparable to the Recent Guaymas Basin, Gulf of Cali-
fornia, with the basin sill situated below the core of oxy-
genminimum layer (INGLE 1981). The progressive change
to more expanded oxygenated conditions through the
Late Jurassic may have been a result of progressively in-
creasing bottom water circulation or lowered productivi-
ty and hence a thinner oxygen minimum layer.

In the Late Jurassic, the composition and distribu-
tional pattern of resedimented carbonates changed sig-
nificantly. Prior to that time, carbonate gravity flow de-
posits were composed of remobilized pelagic sediments
and penecontemporaneous platformdebris. Contraryto
this, since the Tithonian the bulk of the resedimented
carbonates was derived from the erosion of lithified
shallow water limestones. This facies changeisrelated to
the evolution from an extensional to a compressive re-

gime, which, in the external zones of the foreland sys-
tem induced a differential uplift of the High Karst Plat-
form. The uplift is inferred from several charophyte-
bearing horizons and well documented Upper Jurassic
and mid-Cretaceous bauxite deposits (Figure 21).

During the Jurassic and Cretaceous, two different
depositional areas could be recognized along the axis of
the Budva Basin and, since the Tithonian, the discrep-
ancies between the north-western and the south-eastern
area were more pronounced. Abundant coarse-grained
resedimented carbonates became restricted to the
north-western depositional area, whereas in the south-
easternarea pelagic to hemipelagic carbonates prevailed
even in the environment close to the carbonate platform
(Figure 22). These differences along the basin axis cor-
relate well with the distribution of bauxite deposits,
which are limited to only a part of the High Karst Zone
NW of Podgorica (BURIC 1966) and suggest that the tec-
tonic uplift was more pronounced in the NW thanin the
SE part of the High Karst Platform.

Facies changes in distal successions of the Budva
Basin reflect regional paleoceanographic conditions. In
the late Tithonian, radiolarian cherts were replaced by
pelagic limestones (Praevalis Limestone). In the
Hauterivian-Barremian,inversely,radiolarite sedimen-
tation (Bijela Radiolarite) replaced pelagic carbonates

Figure 22: Reconstruction of depositional environment of the Budva Basin and the adjacent High Karst Platform margin in the

Berriasian (from GORICAN 1994).
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and persisted to the Turonian. Meter-scale green levels
in generally red Bijela Radiolarite were most probably
related to mid-Cretaceous oceanicanoxic events (Figure
9). In the Turonian, pelagic sedimentation turned again
to carbonate with the Globotruncana limestone. Com-
parable facies changes occur in the Southern Alps and
Apennines. The first is the mid-Tithonian shift from ra-
diolarites to the Maiolica (or Biancone) limestone, fol-
lowed by a shift to lime-poor and clay rich Scisti a Fu-
coidi (or Scaglia variegata alpina) and then a shift back
to limestones of the Scaglia Bianca and Scaglia Rossa.
The Budva Basin, however, differs from other basins of
the western Tethys by a higher proportion of silica in
Jurassic and Cretaceous pelagic sediments. In addition,
the Cretaceous shiftsin carbonate/silica ratio are not ex-
actly synchronous across different basins; in the Budva
Basin, siliceous sediments were dominant throughlong-
er time intervals. Namely, the Bijela Radiolarite, which
extends up to the Turonian, is time equivalent of the
Scisti a Fucoidi (Aptian-lower Albian) and also of the
Scaglia Bianca (upper Albian-lower Turonian).

4.2 Middle Triassic pelagic episode on the High
Karst Carbonate Platform

General description

The Middle Triassic rifting-related extension and differ-
ential subsidence created a horst-and-graben topogra-
phy with relatively deep basins and structural highs but
the internal topography of these larger units was also
differentiated. In the early-middle Anisian, prior to the
mainrifting phase, the future Adriatic continental mar-
gin was occupied by a uniform carbonate deposition in
an epicontinental sea (Ravni Carbonate Ramp in the Di-
narides, Gutenstein/Steinalm Formations in the North-
ern Calcareous Alps, Contrin Formation in the South-
ern Alps). In the late Middle Anisian (Late Pelsonian),
the carbonate ramp was dissected into blocks. Some
blocks drowned and the first deep-water carbonates
were deposited. The elevated blocks were also flooded in
the Late Illyrian so that deep-water deposition prevailed
on horsts and in grabens until the Ladinian-Carnian
boundary. When carbonate platforms on the elevated
blocks started to prograde, they filled in the relatively
shallow depressions (see Figure 23a for the general stra-
tigraphy). In the early Carnian, the small-scale topo-
graphic differences were mostly levelled and the struc-
tural highs were again the site of shallow-water carbon-
ate deposition (Wetterstein Formation in the Northern
Calcareous Alps and in the Dinarides, Schlern Forma-
tion in the Southern Alps).

The short-lived Middle Triassic basins have been
documented in the Southern Alps (e.g., BRACK & RIE-
BER 1993; KozUR et al. 1996; CELARC et al. 2013) and in
the Dinarides (e.g., GORICAN et al. 2005; GAWLICK et
al. 2012, 2017a). The typical sediments are nodular
cephalopod limestones (named the Bulog Formation
in the Dinarides), limestones with chert nodules and,
more rarely pure radiolarian cherts. Coarse-grained
breccias were deposited close to steep paleo-escarp-
ments. Late Anisian to Ladinian volcanic and volcani-
clastic rocks are widespread but may be locally absent
or represented by only thin tuffaceous intercalations.
In the upper shallowing-upward part of the basin fill,
calcarenites with platform-derived debris prevail. The
entire succession bounded by shallow-water carbon-
ates below and above is generally a few tens of meters
and only exceptionally more than one hundred meters
thick. It is thus reasonable to conclude that the maxi-
mum depositional depth of these pelagic sediments
was relatively shallow and did not exceed a few hun-
dred meters (see discussion in GAWLICK et al. 2012).

The example at Stop 5 - Obzovica described below
is part of the High Karst Nappe. Across the Montene-
gro-Serbian transect (Figure 1), Middle Triassic basins
of comparable stratigraphic evolution exist also in the
Durmitor Zone (RAMPNOUX 1974; MIrRKOVIC 1983), in
the Drina-Ivanjica unit (SUDAR et al. 2013) and as kilo-
meter-sized blocks in mélanges (M1ssonI et al. 2012).

Stop 5: Obzovica

SW margin of the High Karst Zone.

Location: near the Obzovica village along the road
from Budva to Cetinje (N 42°18°52”, E 18°56’10”); Basic
Geological Map sheet Budva (ANTONIJEVIC et al. 1969).

An approximately 20 m thick Upper Anisian to La-
dinian unit of hemipelagic limestone and radiolarian
chert occurs within a succession of shallow-water car-
bonates (Figure 23b). The description is summarized
from GAwLICK et al. (2012) and updated.

The section above the shallow-water Ravni Forma-
tion starts with a few meters of bedded grey to red lime-
stones with red marly intercalations (Figure 24a). The
limestone beds consist of packstones with bivalves, echi-
noderm fragments and rare benthic foraminifera that
grade into wackestone with calcified radiolarians and
thin-shelled bivalves. The reddish marly limestone is
composed of alternating laminae of packed thin-shelled
bivalves (Figure 24b) and radiolarians.

Reddish bedded and nodular limestones below the
radiolarite succession belong to the Upper Pelsonian-II-
lyrian Bulog Formation. A five-meters thick succession
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follows thatis composed of reddish and partly grey well-
bedded radiolarites, silicified limestones with filaments
(Figure 24c) and centimeter-thick volcanic ash layers.
From the reddish radiolarites (sample MNE 80, Figure
23c¢) we isolated a moderately well preserved Illyrian ra-
diolarian fauna. The stratigraphically most important
species are Baumgartneria bifurcata Dumitrica and Fal-
cispongus calcaneum Dumitrica, both restricted to the
Spongosilicarmiger italicus Zone (Kozur & MOSTLER

Figure 23:

1994). In the upper part of the radiolarite sequence, in-
tercalated turbiditic filament-bearing limestones up to
ten centimeters thick are of latest Anisian age based on
radiolariansand conodonts (sample MNE 78). Radiolar-
ian fauna in this sample is very well preserved. Nas-
sellarians are abundant and diverse (Figure 23c), but
stratigraphically important spumellarians, e.g., charac-
teristic detached spines of Oertlispongidae, have not
been found. The sample is probably still Anisian in age,

a) General stratigraphy of the short-lived Middle Triassic basins in the Dinarides.
b) Stratigraphic log of the Obzovica section with position of radiolarian samples (from GAWLICK et al. 2012).
¢) Occurrence of radiolarian species in samples MNE 80 and MNE 78.
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as suggested by the well-known range of Yeharaia an-
nulata Nakaseko & Nishimura (Kozur & MOSTLER
1994). Moreover, the genus Anisicyrtis does not extend
above the Anisian (O’DOGHERTY et al. 2009a, 2010).
Upsection, the dominance of radiolarian cherts de-
creases rapidly and radiolarian-bearing wacke- to pack-
stones were deposited instead. The age of these rocks is
most probably Early to early Late Ladinian as indicated
by the occurrence of late Longobardian conodonts from
the red nodular limestones above the siliceous rocks
(Figure 23b, sample MNE 452). The radiolarian-rich in-
terval is overlain by about 5 meters of red limestones
that provided a Late Ladinian age (sample A 4896).
These reddish limestones pass continuously into grey
deep-water limestones showing an increasing propor-
tion of shallow-water debris of Late Ladinian age (sam-
ple MNE 182, Figure 24d), again with intercalated vol-

Figure 24: Middle Triassic rocks of the Obzovica section.

canic ash layers. This sequence is topped by reefal dolo-
mites of Early Carnian age (sample MNE 453-2). The
transition of the thick-bedded basinal dolomites with
shallow-water turbidites and intercalated volcanic ash
layers and the more massive dolomitized reefal rud-
stones of the Wetterstein Carbonate Platform is slightly
tectonically overprinted.

4.3 The Lim Zone and the overlying ophiolite mé-
langes

General description of the Lim Basin

The Lim Basin is a typical continental-margin basin

that formed during the Middle Triassic rifting and then
persisted as a deep-marine basin until the arrival of the

a) Grey bioclastic limestone with reddish marly intercalations near the base of the section.

b) Limestone rich in filaments; thin section of the 1-cm thick reddish bed in the middle of Figure 24a.

¢) Radiolarian chert overlain by filament-rich cherty limestone. The cherty limestone yields well-preserved radiolarians.
d) Upper part of the section with increasing proportion of bioclastic limestone.
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first synorogenic sediments in the Late Jurassic — earli-
est Cretaceous. The Mesozoic stratigraphy of the Lim
Basin was less systematically studied than that of the
Budva Basin. Here we mainly summarize the general
study carried out by RaAMpNOUX (1974) in the Cehotina
and Zlatar subzones (Figure 5) in Montenegro and west-
ern Serbia, and complement this review by some recent-
ly obtained local biostratigraphic dates (Figure 25). The
Mihajlovi¢i Subzone of RampNouUX (1974, Figure 5) is
excluded from thissummaryandis presented separately
(under Stop 8 - Mihajlovi¢i below) because its stratigra-
phy is typical of a Jurassic submarine high and not of a
pelagic basin.

The Lower Triassic rocks of the entire Lim Zone
are bioturbated grey limestones, a characteristic
lithostratigraphic unit of the Southern Alps and Di-
narides, in older literature known as the upper mem-
ber of the Werfen formation or the Campil beds. They
locally overlie red sandstones of the lower Werfen for-
mation or, in places, Carboniferous synorogenic Vari-
scan Culm-type deposits. The lower Anisian unit con-
sists of 50-200 m of massive shallow water limestone
with abundant algae, gastropods and foraminifera.
The first deeper-water unit is a few meters thick con-
densed “ammonitico rosso” type Bulog Formation,
which is ascribed to the Upper Anisian Trinodosus
Ammonoid Zone. The upper Upper Anisian volcanic
and volcaniclastic rocks follow but laterally vary con-
siderably and may be up to 60 m thick or completely
absent. The Ladinian to Lower Jurassic unit is a uni-
form 200 to 350 m thick succession of bedded pelagic
limestone with chert nodules. Except for the Ladinian,
well dated with ammonoids and bivalves, the age of
this thick formation is poorly constrained. Conodont
studies have recently been introduced to refine the
Upper Triassic stratigraphy in the area (see Stop 6 -
Poros below). The Lower Jurassic limestones of this
succession are generally thinner-bedded and more
marly; rare belemnites, aptychi, calcispheres and fo-
raminifera were found in this upper part of the succes-
sion (RampNoux 1974). The pelagic limestones are
overlain by green and red radiolarite. A few meters
thick radiolarite unit was dated to the Callovian-Ox-
fordian (see Stop 7 - Jabu¢no below). In the upper part,
the radiolarite is interlayered with breccia beds that
contain clasts of pelagic limestone and chert but also
include clasts of oolitic limestone, Upper Jurassic reef
limestone with Ellipsactinia and Sphaeractinia, ben-
thic foraminifera and the Tithonian alga Aloisalthella
sulcata (former Clypeina jurassica). The topmost
stratigraphic unit is a flyschoid series composed of
fine sandstones, greywackes with fragments of chert
and volcanic rocks, breccias with carbonate clasts,
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and thin-bedded pelagic limestone. Calpionellas in
the pelagic limestone indicate a late Tithonian - early
Berriasian age. The flyschoid series exists only in the
western Cehotina Subzone.

A part of the Cehotina Subzone, as defined by
Ramproux (1970, 1974) is exposed in south-eastern
Montenegro near Berane, but is separated from the
NW part near Pljevlja by a large area where only Paleo-
zoic rocks are exposed (Figure 5). Both parts of the
Cehotina Subzone are composed of deep-water sedi-
ments from the Anisian to the end of the Jurassic and
thus correlate well in general outlines but may differ in
details. Lime-free radiolarites are probably thicker and
have a longer range in the southern sector. Near Be-
rane, the oldest radiolarian cherts, which characteris-
tically occur in a shale-dominated interval, are Aaleni-
an in age; upsection, red radiolarian cherts with rare
calcarenite intercalations were assigned to the latest
Bajocian - early Bathonian (Kukoc 2014).

Stop 6: Poros

Cehotina Subzone.

Location: W of Pljevlja, along the road from Gradac
to §uplja Stijena (N 43°24°03”, E 19°08°45”); Basic Geo-
logical Map sheet Pljevlja (MIRKOVIC et al. 1978).

A more than 120 m thick overturned Upper Triassic
succession of reef limestone and bedded siliceous lime-
stones (Figures 26, 27) is exposed. The section is slightly
tectonized, with folded slump deposits in the central
part, so that only some parts of the section can be accu-
rately measured. The results presented here are the first
results of the current study by one of us (M.M.).

The section starts with a roughly 20 m thick reef to
fore-reef limestone succession with deep-water matrix in
the upper part (Lacian 2 in age with conodonts Epigon-
dolella rigoi and Norigondolella sp.). Near the base the
reef limestone is thick bedded to massive, higher up in
the section variously bedded. We consider these reef
limestones as part of the Dachstein Reef Limestone, in-
terestingly with a deepening upward sequence from the
middle Lower Norian onwards. Around the Lacian 2-3
boundary the depositional characteristics change rela-
tively abruptly. The next 30 m thick part consists of dm-
bedded limestones with chert nodules and layers, grey
limestones and reddish limestones. Conodont dating
shows that the age of this part of the section is Lacian 3 to
Alaunian 3 in the upper part (dated by Epigondolella ab-
neptis, E. spatulata to E. slovakensis and E. serrulata). The
higher Alaunian 3 to Sevatian (with E. bidentata) is char-
acterized by a thick series of slump deposits with carbon-
ate turbidite intercalations. In these slumps, mainly grey

siliceous thin-bedded limestones of the higher Alaunian,
dated with e.g. E. slovakensis, appear. Polymictic breccias
(debris flows) and turbiditic microbreccias with older
(Lacian and Alaunian proven with conodonts) open-ma-
rine hemipelagic components follow upsection. The
overlying dm-bedded grey-reddish siliceous limestones
with red chert nodules are Rhaetian in age dated with the
appearance of Misikella posthernsteini. The higher Lac-
ian to Upper Norian part of the succession corresponds
to the reef-near facies belt in open shelf position, known
in the type-area in the Northern Calcareous Alps as the
Gosausee Limestone facies. The section Poros shows dur-
ing the Norian a general deepening trend.

Bedded grey siliceous and slightly marly lime-
stones (bed thickness 5-10 cm) follow upsection in a
thickness of less than 20 m and are overlain by roughly
10 m of dm-bedded red-grey siliceous limestones with
red marl to claystone intercalations. These reddish
limestones are again overlain by bedded grey siliceous
and slightly marly limestones. An exact age of this part
of the series could not be determined; only conodont
multielements could be isolated in several parts of the
succession. The age is most likely Rhaetian 2-3, but
earliest Jurassic for some parts of the folded sequence
cannot be excluded.

The upper part of the section consists of dark red
highly siliceous thin-bedded limestone (Figures 28 a, b).
Replacement chert nodules and layers are more abun-
dant than in the limestones below. Ten samples from
this and the previous unit have been processed to ex-
tract siliceous microfauna. Sponge spicules are abun-
dant but no radiolarians have been found.

Stop 7: Jabucno

Cehotina Subzone.

Location: Along the road from Gradac to Suplja
Stena, 6 km west from Stop 6, N 43°24°26”, E 19°0544”;
Basic Geological Map sheet Pljevlja (MIRKOVIC et al.
1978).

An isolated 5 m thick outcrop of variegated chert;
according to RAMPNOUX (1974), this chert occurs above
a stratigraphic succession similar to that of the Poros
section (Stop 6) in the general stratigraphic column of
the Cehotina Subzone (Figure 25).

The outcropping section (Figures 29a-c) consists
of green, variegated green and red, and violet red
weathered cherts. These cherts contain no dispersed
carbonate and the succession is also devoid or resedi-
mented carbonates. Four samples have been pro-
cessed with diluted hydrofluoric acid. Sponge spic-
ules (mostly small and large monaxones) are abun-
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Figure 26: The nearly 120 m thick overturned Late Triassic sedimentary sequence of the reef to reef near facies belt in the Poros area.
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dant and practically rock-forming in all samples.
Only one sample (no. JB 3) yielded some determina-
ble radiolarians. Also in this sample, sponge spicules
account for more than 95% of the siliceous fauna.
Among the identified radiolarians (Figure 30), the

co-occurrence of Cinguloturris carpatica Dumitrica
(FAD in UAZ 7) and Hemicryptocapsa marcucciae
(Cortese) (LAD in UAZ 8) indicates a late Bathonian-
early Callovian to middle Callovian-early Oxfordian
age according to BAUMGARTNER et al. (1995).

Figure 27: Field views of the Upper Triassic Poros section. Explanation in the photos.
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Figure 28: Upper part of the Poros section.

a) Lower Jurassic thin-bedded highly siliceous limestone cut with E-W striking subvertical faults.
b) Close up of figure a. The limestone is rich in sponge spicules but devoid of radiolarians.

Figure 29: Jurassic radiolarite at Jabucno.

a) Stratigraphic column of the Jabucno area; the radiolarite of b-c is marked in red.
b) General view of the outcrop.

¢) Red and green cherts in the lower part of the outcrop in b.
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Figure 30: Late Bathonian - early Callovian to middle Callovian - early Oxfordian (UAZ 7-8) radiolarians from sample JB 3 at
Jabucno.

1: Triactoma enzoi Beccaro, scale bar a.

2: Triactoma blakei (Pessagno), scale bar a.

3: Angulobracchia cf. digitata Baumgartner, scale bar a.

4: Dicerosaturnalis angustus (Baumgartner), scale bar a.

5: Kilinora cf. spiralis (Matsuoka), scale bar b.

6: Crococapsa cf. hexagona (Hori), scale bar b.

7: Theocapsomella? kiesslingi (Hull), scale bar b.

8: Zhamoidellum ventricosum Dumitrica, scale bar b.

9a-b: Hemicryptocapsa marcucciae (Cortese), a: lateral view, b: antapical view, scale bar b.
10: Transhsuum brevicostatum (Ozvoldova), scale bar b.

11-13: Cinguloturris carpatica Dumitrica, scale bar b.

14: Loopus venustus (Chiari, Cortese & Marcucci), scale bar b.

15: Transhsuum crassum Chiari, Marcucci & Prela, scale bar b.
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The rocks directly underlying these radiolarites
are not exposed, but the Upper Triassic succession in
the continuation below is somewhat different from the
Poros section; no reeflimestone, which is well marked in
the Poros section occurs below the Jabu¢no section. The
Triassic section (work in progress by H.-J.G. and M.M.)
starts with a thick-bedded (10-25 cm) series of bedded
slightly siliceous limestones with very fine-grained car-
bonate turbidite intercalations, but without shallow-wa-
ter grains (only automicrite clasts). The dipping in the
upper part changes rapidly without any clear direction
indicating slump deposits. The age of this part of the
section cannot be exactly determined, conodont sam-
ples yielded only multielements, but is most likely Late
Carnian (Tuvalian). Higher up in the succession a series
of lumachelle layers with predominantly Halobia aff.
styriaca indicate a lowermost Norian age. Above these
lumachelle layers follow a roughly 40 m thick series of
grey siliceous limestones, in cases with chert nodules
and chertlayers. Generally, the seriesisin that part thin-
bedded (5-10 cm), turbidites are generally missing with
one exception in the middle part of this series. This fine-
grained turbidite layer with filaments most likely cor-
responds to the resedimentation event in the latest Mid-
dle to Late Norian.

Also this part of the section cannot be exactly dated
by conodonts: the sediments consist of radiolarian bi-
omicrites without resediments. Only Hindeodella trias-
sica, indicating a Late Triassic age, could be isolated,
also in the more marly thin-bedded part in the highest
part of this series. On top of these marly siliceous lime-
stones appears a 1-2 cm thick layer of grey claystones,
which marks an abrupt change in the microfacies char-
acteristics. Upsection follow grey thin-bedded biomic-
ritesrichin radiolariansand sponge spicules that resem-
ble the Lower Jurassic successions known widespread in
the Western Tethys realm. The Triassic part of the sec-
tion can be attributed to the Grivska Formation.

Stop 8: Mihajlovici

Mihajlovi¢i Subzone

Location: Along the road from Pljevlja to Jabuka,
about 10 km east-southeast from Pljevlja, several out-
crops between N 43°20°19”, E 19°27°08’ and N
43°20°28.5”, E 19°27°09”. Basic Geological Map sheet
Pljevlja (MIRKOVIC et al. 1978).

The succession consists of Triassic shallow-water
limestone and a Jurassic deepening-upward sequence,
overthrust by ophiolitic mélage (Figure 31). This succes-
sion was first described nearly a hundred years ago; the
Lower to Middle Jurassic sequence has been recently
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well dated with ammonites and foraminifera
(RABRENOVIC et al. 2012; METODIEV et al. 2013; GAw-
LICK et al. 2020; Dakovic et al. 2021; see the last two
publications for the complete list of references).

The Upper Triassic is represented by Norian-
Rhaetian Dachstein Limestone developed in an open
lagoonal facies. The Lower to Middle Jurassic rocks be-
long to the Kr§ Gradac Formation and represent a step-
wise deepening sequence in the transitional facies belt
between the Adriatic Carbonate Platform (sensu lato)
basement and the Neo-Tethys open shelf (PakoviC et
al. 2021). The formation is subdivided into four mem-
bers reflecting the deepening.

The ?Middle/Upper Hettangian-Sinemurian
member consists of shallow-subtidal micro-oncoidal
limestones, mainly grain- and packstones with abun-
dand benthic foraminifera, crinoids and only a few
open-marine organisms. Foraminifera assemblages
from these limestones (RABRENOVIC et al. 2012; GAw-
LICK et al. 2020) have a wider biostratigraphic range,
but are most common during Hettangian and Sinemu-
rian of the Eastern Alps, Dinarides etc. (PaxovicC et al.
2021 and references therein). The lower part of this
unit is dominated by large micro-oncoids with several
layers. The number of layers/laminae decreases upsec-
tion. Contrary to this, the variability of the benthic
foraminifera and the amount of crinoid fragments in-
crease, indicating a slight deepening trend during the
?Middle/Late Hettangian-Sinemurian.

Following a hardground/gap, Pliensbachian is rep-
resented by wackestones with thick shells (brachio-
pods, tbivalves), crinoids, some foraminifera and am-
monoid shells, and only a few levels with micro-on-
coids, mainly with foraminifera as core. In the upper-
most level of this member ammonoids of Fuciniceras
lavinianum Zone were found, below the upper hard-
ground surface with the Middle Toarcian ammonoids.
According to these finds, the age of this member was
assigned to ?Early Pliensbachian to early Late Pliens-
bachian (PakoviC et al. 2021). The hardground at the
base of this member may represent a gap of the upper-
most Sinemurian to the Early Pliensbachian. The
hardground above the early Late Pliensbachian ammo-
noids would represent a longer gap in the depositional
history, i.e. the rest of the Pliensbachian and the lower-
most Toarcian. Around the level with the Early Domer-
ian ammonoids the limestones are more condensed,
represented by densely packed ammonoid-crinoid-fo-
raminifera packstones. These microfacies types point
to deposition in a relatively low-energy deeper-water
enviroment, indicating ongoing deepening.

The Toarcian part of the Lower Jurassic succession
at Mihajlovi¢i is represented by deeper open-marine
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nodular, condensed limestones. The lowermost layer
contains a rich Middle Toarcian ammonoid fauna
(RABRENOVIC et al. 2012; MEeToDIEV et al. 2013;
PaxoviC et al. 2021). The hardground consists of a Fe/
Mn-crust indicating a lithified sea floor and a gap in

deposition. Ammonoids appear slightly above this
hardground again in a micro-oncoidal facies and in cri-
noid-framinifera-ammonoid limestones. These micro-
oncoids are much smaller, not as common as in the
?Upper Hettangian-Sinemurian and have mainly only

Figure 31: Stratigraphic column of the Mihajloviéi section (from GAWLICK et al. 2020; DakoviIC et al. 2021) and field photo-

graph of Oxfordian radiolarite in the upper part of the section.
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Figure 32: Late Jurassic radiolarians from samples JAB 1 (1-8) and JAB 2 (9-20) at Mihajlovii.

Sample JAB 1 (UAZ 10-11).

I: Tritrabs exotica (Pessagno), scale bar 133 ym.

2: Emiluvia sedecimporata (Riist), scale bar 133 um.

3-4: Emiluvia orea ultima Baumgartner & Dumitrica, scale
bar 133 um.

5: Tetratrabs bulbosa Baumgartner, scale bar 266 um.

6: Angulobracchia sp., scale bar 133 ym.

7: Campanomitra tuscanica (Chiari, Cortese & Marcucci),
scale bar 100 um.

8. Parahsuum sp., scale bar 100 ym.

Sample JAB 2 (UAZ 9-10).

9: Triactoma blakei (Pessagno), scale bar 133 ym.

10: Hexasaturnalis nakasekoi Dumitrica ¢ Dumitrica-Jud,
scale bar 100 um.
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11: Emiluvia bisellea Danelian, scale bar 133 ym.

12: Spinosicapsa spinosa (Ozvoldova), scale bar 133 ym.

13: Ristola altissima Riist, scale bar 200 ym.

14: Campanomitra tuscanica (Chiari, Cortese ¢ Marcucci),
scale bar 133 ym.

15: Hsuum obispoense Pessagno, scale bar 133 um.

16: Archaeodictyomitra minoensis (Mizutani), scale bar
100 ym.

17: Cinguloturris carpatica Dumitrica, scale bar 100 ym.
18: Eucyrtidiellum ptyctum (Riedel ¢ Sanfilippo), scale bar
100 ym.

19: Gongylothorax favosus Dumitrica, scale bar 100 ym.
20: Zhamoidellum ovum Dumitrica, scale bar 100 um.
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one or two rims. Wacke- to packstones with common
ammonoid fragments, foraminiferaand crinoids are the
dominant microfacies throughout the Toarcian part of
the section. A prolonged hardground formation is indi-
cated by common lithoclasts, in cases with Fe/Mn-
crusts, shells with indications of boring organisms and
layered hardgrounds. Gastropods and benthic fo-
raminiferaare also common. This microfacies indicates
deposition in a low-energy relatively deep-water envi-
ronment (open shelf environment).

Following a long stratigraphic gap, the Toarcian
red nodular limestones are overlain by Middle Jurassic
(Bajocian-?Bathonian) Bositra Limestone character-
ized by condensed red nodular limestones with juve-
nile ammonoids, crinoids and Bositra shells. The mi-
crofacies with a lot of lithoclasts, Fe/Mn crusts and the
extreme enrichment of shells indicate a very slow dep-
ositional rate, as typical of hemipelagic open marine
settings with less carbonate production causing strati-
graphic condensation. Important to note, that radio-
larians, normally quite typical of the Bositra facies, are
rare or practically missing. Deposition of such lime-
stones started after the Toarcian Oceanic Anoxic Event
in the Late Toarcian (BOHM 1992) and prevail until the
Kimmeridgian in cases. The Bositra Limestone in the
Mihajlovici section is of Bajocian/?Bathonian age, con-
firmed with Globochaete alpina Lombard, Globuligeri-
na oxfordiana (Grigelis) and Trochammina globoconica
Tyszka & Kaminski from the upper part of the Bositra
Limestone (RABRENOVIC et al. 2012).

The uppermost part of the succession is dark gray
and dark red radiolarites of the Middle-Upper Jurassic
Gonje Formation (GAwLICK et al. 2020). The Lower-Mid-
dle Jurassic limestones and the radiolarites crop out at
several places along the Pljevlja-Jabuka road, but the con-
tacts are poorly preserved and the radiolarites are never
exposed in thickness of more than three meters. The ra-
diolarians presented herein (Figure 32) were collected a
few kilometers east of the Mihajlovic¢i section described
by GAwLICK et al. (2020) and PakoviC et al. (2021).

We studied two samples (JAB 1 and JAB 2) of dark
red laminated chert (Figure 31) from two separate out-
crops. In both samples radiolarians are moderately well
preserved (Figure 32); large sponge spicules and rhaxes
co-occur. Theage of sample JAB 1is determined to UAZ
10-11 (late Oxfordian-early Kimmeridgian to late Kim-
meridgian—-early Tithonian) with the range of Emilu-
via orea ultima Baumgartner & Dumitrica. The age of
sample JAB 2 is constrained to UAZ 9-10 (middle-late
Oxfordian to late Oxfordian-early Kimmeridgian)
based on first appearance of Archaeodictyomitra mi-
noensis (Mizutani) and last appearance of Gongylotho-
rax favosus Dumitrica.

Stop 9: Vijenac
Ophiolitic mélange, the
Mihajlovi¢i Subzone.

Location: (N 43°20°35”, E 19°25’51”). Basic Geologi-
cal Map sheet Pljevlja (MIRKOVIC et al. 1978).

The ophiolitic mélange ovethrusts the succession
described in the previous section. The contactis covered
today, but it was in the past visible and described (NOTH
1956).

The mélange consists of plurimetric blocks of ra-
diolarite, sandstone and basalt in a shaley matrix (Fig-
ure 33). A block of dark grey chert yielded a radiolarian
assemblage dominated by small nassellarians (Figure
34). The assemblage is assigned to UAZ 7 (Late Batho-
nian-early Callovian) based on Cinguloturris carpatica
Dumitrica that first appears and several species that last
appear in this zone. These species are Kilinora spiralis
(Matsuoka), Striatojaponocapsanaradaniensis(Matsuo-
ka), Striatojaponocapsa conexa (Matsuoka), and Miz-
ukidella kamoensis (Mizutani & Kido).

tectonically overlying

Stop 10: Drno Brdo

Blocks in ophiolitic mélange, tectonically overlying the
Cehotina Subzone (RamMPNOUX 1974), part of the East-
Bosnian Durmitor unit (Figure 1).

Location: Along the road from Pljevlja to Zabljak
near Eco Camp Drno Brdo (N 43°12’57.78%
E 19°20'41.58”), Basic Geological Map sheet Zabljak
(MirkovIC & VUJISIC 1989).

Middle Triassic radiolarian chert and basalt with
gabbroic dykes.

The basalts at the Drno Brdo locality cover a surface
of approximately 6 by 3 km and represent one of the
largest blocks/slides of volcanic rocks in the ophiolitic
mélange of Montenegro (MIrRkoVIC et al. 1985). Con-
trary to the Jurassic ophiolitic rocks and radiolarites
that were incorporated in the mélange as olistoliths
originating from theaccretionary prism, thelarge Trias-
sic blocks of basalt and pelagic sediments must have
been scraped off the old oceanic crust or the distal con-
tinental slope (GawLick et al. 2017a; ScHMID et al.
2020).

Two outcrops 150 m apart have been inspected for
radiolarians. The first outcrop is a block of radiolarite
incorporated in a sandy-shaley matrix (Figure 35, sam-
ple ZAB 1). In the second outcrop, radiolarian chert
(sample ZAB 4) is an interpillow sediment in direct
contact with basalt, which is penetrated by gabbroic
dykes (Figure 36). Both radiolarian samples are dark
red chert without filaments; radiolarians are rare and
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poorly preserved. The age of sample ZAB 4 (Figure 37:
1-6) is based on Oertlispongus inaequispinosus Dumi-
trica, Kozur & Mostler, which spans the Late Anisian
and Early Ladinian (STockar et al. 2012). Sample

ZAB 1 (Figure 37: 7-13) contains only Oertlispongidae
with straight spines (Paroertlispongus) that are less di-
agnostic for age determination. The most useful ele-
ment of this assemblage is the genus Celluronta, which

Figure 33: Ophiolitic mélange at Vijenac with blocks of radiolarite, sandstone and basalt (a).
Close up of radiolarian chert with sample JAB 3 (b) and microfacies of this chert with densely packed radiolarians (c). Photomicro-

graphs of quartz sandstone (d) and basalt (e).
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is known from the Anisian and Early Ladinian (Dumi-  sea-floor spreading in the Dinarides-Hellenides, e.g.
TRICA 2017). The Late Anisian-Early Ladinian ageisin  in the Fourka Unit of Othris (FERRIERE et al. 2015) and
good agreement with the oldest age documented for ~ the Miraka section in Albania (GAwWLICK et al. 2008).

Figure 34: Late Bathonian - early Callovian (UAZ 7) radiolarians from sample JAB 3, Vijenac.

Scale bar 100 um for all illustrations.
1-2: Kilinora spiralis (Matsuoka)
3: Striatojaponocapsa naradaniensis (Matsuoka)

4a-b: Striatojaponocapsa conexa (Matsuoka), a: lateral view, b: antapical view.

5: Guexella nudata (Kocher)

6-7: Eucyrtidiellum ptyctum (Riedel & Sanfilippo)

8-9: Praewilliriedellum convexum (Yao)

10: Protunuma japonicus Matsuoka ¢ Yao

11: Unuma gordus Hull

12: Transhsuum maxwelli (Pessagno)

13-14: Cinguloturris carpatica Dumitrica

15: Xitus skenderbegi (Chiari, Marcucci ¢ Prela)

16: Takemuraella cf. schardti (O’Dogherty, Gorican & Dumitrica)
17: Mizukidella kamoensis (Mizutani ¢ Kido)
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Figure 35: Block of Triassic chert at Drno Brdo (a) and a detail of block showing conglomerate with clasts of basalt (b). Radio-
larian sample Z1 (Figure 37: 7-13) was collected in this block.

Figure 36: Ophiolite lithologies with radiolarites in sedimentary contact along the road from Pljevlja to Zabljak near Eco Camp
Drno Brdo, about 150 m E of radiolarites in Figure 35.

a-c) basaltic pillow lava, a: outcrop, b: normal, c: cross polarized light, photomicrographs of a thin section showing an intersertal
texture of plagioclase needles, the dark matrix represents volcanic glass replaced by secondary minerals.

d-f) same locality, a disrupted olivine bearing micro-grabbro dyke cutting through radiolarite. e: normal, f: cross polarized light,

photomicrographs of a thin section showing plagioclase (pl), fresh olivine (o), magnetite (m) and secondary epidote and chlorite in
the light green patches in normal light.
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Figure 37: Late Anisian radiolarians from samples Z4 (1-6) and Z1 (7-13), Drno Brdo.

Sample Z4 (N 43°13°02.1; E 19°20°47.46”):

1-2: Oertlispongus inaequispinosus Dumitrica, Kozur &
Mostler, scale bar 133 um.

3: Arhaeocenosphaera sp., scale bar 133 um.

4: Pseudostylosphaera sp., scale bar 200 um.

5: Pararuesticyrtium sp., scale bar 100 ym.

6: Triassocampe scalaris Dumitrica, Kozur ¢ Mostler, scale
bar 100 um.

Sample Z1 (N 43°12°57.78”; E 19°20°41.58”):

7-8: Paroertlispongus aff. diacanthus (Sugiyama), scale bar
133 um. This species differs from typical P. diacanthus by
having shorter and thicker spines.

9: Paroertlispongus sp., scale bar 133 um.

10: Pseudostylosphaera acrior (Bragin), scale bar 133 um.
11: Eptingium manfredi Dumitrica, scale bar 133 ym.

12: Celluronta donax Sugiyama, scale bar 100 um.

13: Pararuesticyrtium sp., scale bar 100 ym.

5 DINARIC BASINS, REGIONAL PALEOCEANOGRAPHY AND RADIOLARITES

The paleoceanography of Dinaric basins is discussed in
the regional context both for Mesozoic rift basins un-
derlain by thinned continental crust and for branches of
the Neotethys underlain by oceanic crust such as the
Meliata-Maliac, the Vardar oceans and the more south-
ern Pindos ocean, a mere rift trough in the Montenegro
transect. Pelagic oceanography and sedimentary pro-
cesses are independent from their substrate, once it is
below the thermocline. In contrast, the proximity of
shallow margins may largely modify pelagic sedimenta-
tion by the input of peri-platform ooze or detrital clay
preventing the formation of bedded cherts.

Mesozoic radiolarians are fundamental for the
chronology of these basins. They have been recovered
from both pelagic siliceous limestones, siliceous mud-
stones and from radiolarites wherein they are the main

constituent. More recently, a case has been made for
the presence of Synechococcus, a photosynthetic pico-
cyanobacterium that produces, when degrading, EPS
with Si-nanoparticles, even under highly Si-undersat-
urated conditions (BAINES et al. 2012; TANG et al. 2014).
This organism is thought to have existed since the Pro-
terozoic to Recent, and may constitute an important
proportion of the microcrystalline matrix of radiolar-
ian cherts.

Radiolarian productivity is a function of local, re-
gional, and global fluctuations of sea-surface fertility
(BAUMGARTNER 1987; DEWEVER et al. 1994). Radiolarites
did not form in “Intra-Pangean” basins, such as the Juras-
sic Central Atlantic and the Proto-Caribbean (Figure 38).
Middle Jurassic to Early Cretaceous radiolarites reported
from several Antillean islandsbelongto exotic terranes of
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Pacific origin (BANDINI et al. 2011). These basins were
poorly connected with the world ocean and had an anti-
estuarine circulation pattern, resulting in relatively low
surface fertility (BAUMGARTNER 1987, 2013). The abun-
dance of clays during the Middle Jurassic and the onset of
oligotrophic nannoplankton productivity did not allow
for the formation of ribbon-bedded radiolarites.

In Western Tethys, a “radiolarite window”, ranging
from early Bajocian to late Tithonian, seems to be relat-
ed toregional sea-surface fertility changes, explained by
BAUMGARTNER (2013) by the “Caribbean River Plume
Model” (Figure 39), rather than regional upwelling un-
likely in the complicated paleogeography of Western
Tethyan basins. Classical concepts (e.g. BOSELLINT &

WINTERER 1975; BERNOULLI & JENKYNS 2009) inter-
preted the paleogeographic distribution of pelagiclime-
stone vs. siliceous mudstone/radiolarite in Western
Tethys as the result of tectonic subsidence of distal mar-
ginal and oceanic seafloors beneath a shallow CCD.
Later, radiolarian biochronology revealed that con-
densed pelagic limestone sedimentation on highs was
coeval with rapid basal radiolarite sedimentation
(BAUMGARTNER 1990), which could not be explained
as a dissolution-resistant residue of marginal carbon-
ates. BAUMGARTNER (2013, p. 312) concluded for the
Western Tethyan Middle-Late Jurassic “radiolarite
window”™ “The spatio-temporal distribution of car-
bonate and silica on Tethyan margins cannot be ex-

Figure 38: Middle Triassic-Early Cretaceous chronostratigraphy of pelagic facies in typical sections from Panthalassa to the E,
through the intra-Pangean basins to Neotethys (modified after BAUMGARTNER et al. 2017). Note the absence of ribbon radiolarites
in the intra-Pangean proto-Caribbean and Central Atlantic. In the Dinarides-Hellenides the Western Tethyan Bajocian-Tithonian
“radiolarite window” is observed in basins underlain by (thinned) continental crust in the proximity of carbonate platforms. The
Budva-Pindos Basin and the Neotehyan Ocean remnants may contain radiolarites since the Middle Triassic. (Sources: Pantha-
lassa: MURCHEY 1984, IKEDA et al. 2010, IKEDA ¢ TADpA 2014; S. central America: BAUMGARTNER et al. 2008; Antilles: BANDINI et
al. 2011, BAUMGARTNER et al. 2018; Intra-Pangean: BAUMGARTNER 1984, Sandoval Gutierrez 2015; W Tethys: BAUMGARTNER
1984, 1987, 2013; Dinarides: GORICAN 1994; VISHNEVSKAYA et al. 2009; CHIARI et al. 2011; Pelagonian: BAUMGARTNER 1985;
FERRIERE et al. 2015; Central Neotethys: TEKIN 1999; BLECHSCHMIDT et al. 2004; WANG et al. 2002; ZIABREV et al. 2004).
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plained by the palaeodepth of the calcite compensation
depth (CCD) alone. Extensive lateral transport of ra-
diolarian tests from topographic highs to the basins,
and early diagenetic replacement on the highs by cal-
cite may explain the absence of silica and the forma-
tion of condensed pelagic limestones coeval with basi-
nal radiolarites. On a larger scale, palaeoclimatic
changes, recorded in the carbon isotope curve (e.g.,
JENKYNS et al. 2002), rather than palaeotectonic chang-
es, seem to have triggered major changes in surface
fertility which, in turn, brought about the facies chang-
es observed in Tethyan marginal basins. Regional plat-
form demise, possibly due to eutrophication and a dia-
chronous onset of radiolarites since the Early Bajocian,
can be correlated with a positive shift in §"*C values
whereas platform recovery and the end of radiolarite

accumulation correlates with a gradual drop-off of
813C values,” and the installation of the Tithonian dry
event (PRICE et al. 2016).

In the Dinaric basins underlain by Triassic carbonate
platforms radiolarite accumulation began somewhat ear-
lier (Figure 4). The Budva-Pindos Basin, that widens to-
wards the SE into an ocean, contains the first radiolarites
in the Middle Triassic and continuous radiolarite forma-
tion from earliest Hettangian to early Turonian, inter-
rupted only by Pliensbachian carbonate resediments and
late Tithonian to early Hauterivian pelagic limestones.
The Budva-Pindos Basin was certainly connected with
the central Neotethys where radiolarites formed, far from
carbonate margins, since its oceanisation (Anisian or ear-
lier) until the early Late Cretaceous, when planktonic fo-
raminifera and calcareous nannoplankton began to

Figure 39: The River Plume Model (after BAUMGARTNER 2013, his Figure 6b). Callovian (155 Ma) reconstruction (after STAMP-
FLI ¢ BOREL, 2002) of Western Tethys and Central Atlantic with simplified principal sedimentary palaeoenvironments (com-
piled by C. Wilhem, personal communication). The equatorial current system impinges on the Arabian Margin and is partly
deflected into the Western Tethyan realm. Rivers draining tropical Africa and temperate Europe produce river plumes carrying
dissolved organic matter that is distributed by anticyclonic surface circulation over the entire realm, including oceanic and
epicontinental areas. The Central Atlantic and Proto-Caribbean are restricted ‘Mediterranean’ basins likely to have experienced
excess evaporation, water stratification and widespread dysoxic bottom conditions trapping organic matter (and nutrients).
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dominate worldwide. Late Paleozoic to early Late Creta-
ceous ranges of radiolarites are common in circum-Pacif-
ic remnants of Panthalassa (Figure 38). Several authors
have inferred a monsoonal climate regime (DEWEVER et
al. 1994, 2014; Ar1AS 2008; BAUMGARTNER 2013; IKEDA et
al. 2017) that produced seasonally opposed trade winds
over the Neotethys, bounded by the jaws of Eurasia to the
north and Gondwana to the south (Figure 40). This re-
gime may have produced important high productivity
upwelling systems on both margins, in addition to up-

welling beneath the peri-equatorial current system. The
Jurassic convergence in the Dinarides-Hellenides, exclud-
ing the external Budva-Pindos and High Karst realms,
makes an abrupt end to radiolarite deposition in this
area, while oceanic crust continued to be formed to the
southeast and radiolarites continued to form until the
early Late Cretaceous also on the continental margin
(e.g., Antalya nappes in southern Turkey, YURTSEVER et
al. 2003; Pichakun nappes in Iran, RoBIN et al. 2010; Ha-
wasina units in Oman, BLECHSCHMIDT et al. 2004).

Figure 40: Paleogeographic map for 165 Ma (Bathonian) after BAUMGARTNER et al. (2018) adapted from BANDINI et al. (2011b)
and BAUMGARTNER (2013), showing major oceanic radiolarian bio-provinces and low/high accumulation of radiolarites. Epiconti-
nental seas and continents are shown in white. Neotethys and Panthalassa oceans were covering wide paleo-latitudes and were well
connected with each other. The “Intra-Pangean Basins”, i.e. the Central Atlantic and the initial Proto-Caribbean, formed a low-
fertility ‘Mediterranean’ sea with restricted connections to the world ocean. Middle Jurassic radiolarian faunas of that sea are very
similar to those of the Tethys-Panthalassan low latitude belt, but accumulation rates were much smaller and episodic, not allowing
for radiolarite formation. Northern summer (yellow) and Northern winter (blue) Intertropical Convergence Zones and associated
(hypothetical) trade winds are shown, suggesting a “mega-monsoon” situation in Neotethys (IKEDA et al. 2017).

ACKNOWLEDGEMENTS

This study was for the most part financed by the Slove-
nian Research Agency, through the program P1-0008
Paleontology and Sedimentary Geology. Elizabeth S.

Carter is acknowledged for her constructive comments
and corrections.

FOLIA BIOLOGICA ET GEOLOGICA 63/2 - 2022



S. GORICAN ET AL.: MESOZOIC BASINS OF THE SOUTHERN DINARIDES, MONTENEGRO

REFERENCES

ALjINOVIC, D., HORACEK, M., KRYSTYN, L., RIcHOZ, S., KOLAR-JURKOVSEK, T., SMIRCIC, D. & JURKOVSEK, B., 2018:
Western Tethyan epeiric ramp setting in the Early Triassic: An example from the Central Dinarides (Croatia).
Journal of Earth Sciences 29 (4): 806-823.

ANTONDEVIC, R, Pavi¢, A & KAROVIG, ., 1969: Osnovna geoloska karta 1:100 000, listovi Kotor i Budva. Savezni
geoloski zavod, Beograd.

ARGNANT, A, 2018: Subduction evolution of the Dinarides and the Cretaceous orogeny in the Eastern Alps: Hints from
a new paleotectonic interpretation. Tectonics 37: 621-635.

Ar1as, C., 2008: Palaeoceanography and biogeography in the Early Jurassic Panthalassa and Tethys Oceans. Gond-
wana Research 14 (3): 306-315.

AUBOUIN, J., BLANCHET, R., CADET, J.-P., CELET, P., CHARVET, J., CHOROWICZ, J., COUSIN, M. & RAMPNOUZX, J.-P.,
1970: Essai sur la géologie des Dinarides. Bull. Soc. géol. France sér. 7, XII (6): 1060-1095.

BAINES, S§.B., TWINING, B.S., BRZEZINSKI, M.A., KRAUSE, ] W.,, VOGT, S., AssAEL, D. & McDANIEL, H., 2012: Signi-
ficant silicon accumulation by marine picocyanobacteria. Nature Geoscience 5: 886-891.

BANDINI, A.N., BAUMGARTNER, P.O., FLORES, K., DUMITRICA, P., HOCHARD, C., STAMPFLI, G.M. & JACKETT, S.J.,
2011: Aalenian to Cenomanian Radiolaria of the Bermeja Complex (Puerto Rico) and Pacific origin of radiolarites
on the Caribbean Plate. Swiss Journal of Geosciences 104: 367-408.

BAUMGARTNER, P.O,, 1984: A Middle Jurassic - Early Cretaceous low-latitude radiolarian zonation based on unitary
associations and age of Tethyan radiolarites. Eclogae geologicae Helvetiae 77: 729-837.

BAUMGARTNER, P.O., 1985: Jurassic sedimentary evolution and nappe emplacement in the Argolis Peninsula (Pelopon-
nesus, Greece). Mémoires de la Société helvétique des Sciences Naturelles 99: 1-111.

BAUMGARTNER, P.O., 1987: Age and genesis of Tethyan Jurassic radiolarites. Eclogae geologicae Helvetiae 80, 831-879.

BAUMGARTNER, P.O., 1990: Genesis of Jurassic Tethyan radiolarites — the example of Monte Nerone (Umbria-Marche
Apennines). Atti 2. Convegno, Fossili Evoluzione Ambiente. Editore Comitato Centenario Raffaele Piccinini,
Pergola, 19-32.

BAUMGARTNER, P.O., 2013: Mesozoic radiolarites — accumulation as a function of sea surface fertility on Tethyan mar-
gins and in ocean basins. Sedimentology 60, 292-318.

BAUMGARTNER, P.O., BARTOLINL, A., CARTER, E.S., CONTI, M., CORTESE, G., DANELIAN, T., DE WEVER, P.,, DUMITRICA,
P., DUMITRICA-JUD, R., GORICAN, S., GUEX, J., HuLL, D.M., K1TO, N., MARCUCCI, M., MATSUOKA, A., MURCHEY, B.,
O’DOGHERTY, L., SAVARY, J., VISHNEVSKAYA, V., WiDz, D. & YA0, A., 1995: Middle Jurassic to Early Cretaceous ra-
diolarian biochronology of Tethys based on Unitary Associations. In: BAUMGARTNER, P.O., O’'DOGHERTY, L., GORI-
CAN, S., URQUHART, E., PILLEVUIT, A. & DE WEVER, P. (Eds.), Middle Jurassic to Lower Cretaceous Radiolaria of
Tethys: Occurrences, Systematics, Biochronology. Mémoires de Géologie (Lausanne) 23: 1013-1048.

BAUMGARTNER, P.O., FLORES, K., BANDINT, A., GIRAULT, F. & CRruUz, D., 2008: Upper Triassic to Cretaceous Radio-
laria from Nicaragua and northern Costa Rica: the Mesquito composite oceanic terrane. Ofioliti 33: 1-19.

BAUMGARTNER, P. O., ANDjIC, G., SANDOVAL-GUTIEREZ, M., BANDINI-MAEDER, A., DISERENS, M.-O., BAUMGAR-
TNER-MORA, C. & Kukoc, D., 2018: Radiolarian biochronology and paleoceanography of Pacific Terranes in
Central America and the Caribbean. In AAPG Hedberg Research Conference, Geology of Middle America - the
Gulf of Mexico, Yucatdan, Caribbean, Grenada and Tobago Basins and Their Margins, Siguenza, Spain, 10-16,
AAPG Datapages, Search and Discovery Article #90330, Tulsa.

BEBIEN, J., BLANCHET, R., CADET, J.-P.,, CHARVET, J., CHOROWICZ, J., LAPIERRE, H. & RaAMPNOUX, J.-P. 1978: Le
volcanisme triasique des Dinarides en Yougoslavie : sa place dans I’évolution géotectonique péri-méditerranéen-
ne. Tectonophysics 47: 159-176.

BECHSTADT, T., BRANDNER, R., MOSTLER, H. & ScHMIDT, K., 1978: Aborted rifting in the Triassic of the eastern and
southern Alps. N. Jb. Geol. Paldont. Abh. 156 (2): 157-178.

BERNOULLIL, D. & LAUBSCHER, H., 1972: The palinspastic problem of the Hellenides. Eclogae Geologicae Helvetiae
65: 107-118.

BerNouLLl, D. & JENkyNs, H.C., 2009: Ophiolites in ocean-continent transitions: from the Steinmann Trinity to
sea-floor spreading. C.R. Geoscience 341: 363-381.

BiLL, M., O'DOGHERTY, L., GUEX, ., BAUMGARTNER, P.O. & MassoN, H., 2001: Radiolarite ages in Alpine-Mediter-
ranean ophiolites: Constraints on the oceanic spreading and the Tethys-Atlantic connection. GSA Bulletin 113
(1): 129-143.

FOLIA BIOLOGICA ET GEOLOGICA 63/2 - 2022

141



142

‘ S. GORICAN ET AL.: MESOZOIC BASINS OF THE SOUTHERN DINARIDES, MONTENEGRO

BLANCHET, R., 1970: Sur un profil des Dinarides, de I'’Adriatique (Split-Omis, Dalmatie) au Bassin pannonique
(Banja Luka - Doboj, Bosnie). Bull. Soc. géol. France sér. 7, XII (6): 1010-1027.

BLANCHET, R., 1975: De [ Adriatique au Bassin pannonique. Essai d‘un modéle de chaine alpine. Mémoires de la So-
ciété géologique de France 120, 172 pp., 4 pls, 1 map.

BLANCHET, R., CADET, J.-P., CHARVET, ]. & RAMPNOUX, J.-P., 1969: Sur lexistence d’un important domaine de flysch
tithonique-crétacé inférieur en Yougoslavie: Punité du flysch bosniaque. Bull. Soc. Géol. France sér. 7, XI (6):
871-880.

BLECHSCHMIDT, I., DUMITRICA, P., MATTER, A., KRYSTYN, L. & PETERS, T., 2004 : Stratigraphic architecture of the
northern Oman continental margin — Mesozoic Hamrat Duru Group, Hawasina Complex, Oman. GeoArabia 9:
81-132.

BouM, F., 1992: Mikrofazies and Ablagerungsmilieu des Lias und Dogger der Nordostlichen Kalkalpen. Erlanger Geol.
Abh. 121: 55-217.

BOROJEVIC SOSTARIG, S., NEUBAUER, F., HANDLER, R. & PALINKAS, L.A., 2012. Tectonothermal history of the base-
ment rocks within the NW Dinarides: new 40Ar/39Ar ages and synthesis. Geologica Carpathica 63 (6): 441-452.

BorTOLOTTI, V., MARRONI, M., PANDOLFI, L. & PrINCIPI, G., 2005: Mesozoic to Tertiary tectonic history of the
Mirdita ophiolites, northern Albania. The Island Arc 14: 471-493.

BorTOLOTTI, V., CHIARI, M., MARCUCCI, M., PHOTIADES, A., PRINCIPI, G. & SAccANT, E., 2008: New geochemical
and age data on the ophiolites from the Othrys area (Greece): implication for the Triassic evolution of the Vardar
Ocean. Ofioliti 33: 135-151.

BorToLOTTI, V., CHIARI, M., MARRONI, M., PANDOLEFJ, L., PRINCIPI, G. & SAccANT, E., 2013. Geodynamic evoluti-
on of ophiolites from Albania and Greece (Dinaric-Hellenic belt): one, two, or more oceanic basins? Interna-
tional Journal Earth Sciences 102, 783-811.

BOSELLINI, A. & WINTERER, E.L., 1975: Pelagic limestone and radiolarite of the Tethyan Mesozoic: a genetic model.
Geology 3: 279-282.

BrAcK, P. & RIEBER, H., 1993: Towards a better definition of the Anisian/Ladinian boundary: New biostratigraphic
data and correlations of boundary sections from the Southern Alps. Eclogae geologicae Helvetiae 86 (2): 415-527.

BrRAGINA, L.G., BrAGIN, N.Yu,, DjERIC, N. & GAJIC, V., 2014: Late Cretaceous Radiolarians and Age of Flyschoid
Sediments in the Struganik Section (Western Serbia). Stratigraphy and Geological Correlation 22 (2): 202-218.

BRAGINA, L.G., BRAGIN, N.YUu., KoraEVICH, L.F. & BEN1AMOVSKY, V.N., 2018: Santonian Radiolarians and Forami-
nifers from BreZde Section, Western Serbia. Moscow University Geology Bulletin 73 (4): 333-345.

BRAGINA, L.G., BRAGIN, N.Yu,, KoPaEvicH, L.F., DJerI¢, N. & GERZINA SpAJIC, N, 2020: Stratigraphy and Microfau-
na (Radiolarians and Foraminifera) of the Upper Cretaceous (Upper Santonian-Lower Campanian) Carbonate
Deposits in the Area of Struganik Village, Western Serbia). Stratigraphy and Geological Correlation 28 (1): 65-87.

BURIC, P, 1966: Geologija leZista boksita Crne Gore (Géologie des gites de bauxite du Monténégro, Yougoslavie).
Geoloski glasnik, Sarajevo, Posebna izdanja 8: 1-277.

CADET, J.-P., 1978: Essai sur ’évolution alpine d’une paléomarge continentale: les confins de la Bosnie-Herzégovine et
du Monténégro (Yougoslavie). Mémoires de la Société géologique de France (nouvelle série) 133: 1-83, pls. 1-4.

CAFIERO, B. & DE CaPoA BoNARDI, P, 1980: Stratigraphy of the pelagic Triassic in the Budva-Kotor area (Crna
Gora, Montenegro, Yugoslavia). Bolletino della Societa Paleontologica Italiana 19 (2): 179-204.

CAFIERO, B. & DE CAPoA BONARDI, P, 1981: I Conodonti dei calcari ad Halobia del Trias superior del Montenegro
(Crna Gora, Jugoslavia). Rivista Italiana di Paleontologia 86 (3): 563-576.

CARTER, E.S. & Hori, R.S., 2005: Global correlation of the radiolarian faunal change across the Triassic-Jurassic
boundary. Canadian Journal of Earth Sciences 42: 777-790.

CARTER, E.S., WHALEN, P.A. & GUEX, J., 1998: Biochronology and paleontology of Lower Jurassic (Hettangian and
Sinemurian) radiolarians, Queen Charlotte Islands, British Columbia. Geological Survey of Canada, Bulletin
496: 1-162.

CELARGC, B., GORICAN, S. & KOLAR-JURKOVSEK, T., 2013: Middle Triassic carbonate-platform break-up and forma-
tion of small-scale half-grabens (Julian and Kamnik-Savinja Alps, Slovenia). Facies 59: 583-610.

CHARVET, J., 1978: Essai sur un orogéne alpin. Géologie des Dinarides au niveau de la transversale de Sarajevo (Yougo-
slavie). Société géologique du Nord Publ 2:1-554, pls. 1-21.

CHARVET, J., 2013: Le développement géotectonique des Dinarides: évolution des idées et apport des équipes frangai-
ses. Travaux du Comité francais d’'Histoire de la Géologie. In: Comité francais d’Histoire de la Géologie 3eme
série 27 (7): 163-220.

FOLIA BIOLOGICA ET GEOLOGICA 63/2 - 2022



S. GORICAN ET AL.: MESOZOIC BASINS OF THE SOUTHERN DINARIDES, MONTENEGRO

CHIARI, M., BorTOLOTTI, V., MARCUCCI, M., PHOTIADES, A. & PRINCIPI, G., 2003: The Middle Jurassic siliceous
sedimentary cover at the top of the Vourinos Ophiolite (Greece). Ofioliti 28: 95-103.

CHIARIL, M., MAaRrcucct, M. & PRELA, M., 2004: Radiolarian assemblages from the Jurassic cherts of Albania: new
data. Ofioliti 29: 95-105.

CHIARI, M., DJERIC, N., GARFAGNOLI, F., HrvaTOVIC, H., KRSTIC, M., LEVI, N., MALASOMA, A., MARRONI, M.,
MENNA, F, NIrTA, G., PANDOLFI, L., PRINCIPL, G., SACCANT, E., STOjADINOVIC, U. & TRIVIC, B., 2011: The ge-
ology of the Zlatibor-Maljen area (western Serbia): A geotraverse across the ophiolites of the Dinaric-Hellenic
collisional belt. Ofioliti 36 (2): 139-166.

CHIARI, M., BorTOLOTTI, V., MARCUCCI, M., PHOTIADES, A., PRINCIPI, G. & SAccANI, E., 2012: Radiolarian bio-
stratigraphy and geochemistry of the Koziakas massif ophiolites (Greece). Bulletin de la Société géologique de
France 183(4): 287-306.

CapjeENoVIC, D. & RapuLovié, N., 2018: The distribution of terrigenous clastics of Anisian: slope, submarine fan,
basins of Crmnica in Montenegro. 17" Serbian Geological Congress, Book of Abstracts, 91-97.

CapENOVIC, D., MILUTIN, ]., Dakovi¢, M. & RabpuLovié, N., 2014: Anisian carbonates of Crmnica and surroun-
dings in Montenegro. 16™ Serbian Geological Congress, Proceedings: 63-71 (In Serbian, English summary).

CRNE, A.E., 2009: Depositional model of Lower Jurassic carbonates on the Dinaric Carbonate Platform margin. Dis-
sertation, University of Ljubljana, 185 pp.

CRNE, A.E. & GORICAN, S., 2008: The Adriatic-Dinaric Carbonate Platform margin in the Early Jurassic: a compa-
rison between successions in Slovenia and Montenegro. Bollettino della Societa Geologica Italiana 127: 389-405.

CrNE, A.E., WEISSERT, H., GORICAN, S. & BERNASCONT, S.M., 2011: A biocalcification crisis at the Triassic-Jurassic
boundary recorded in the Budva Basin (Dinarides, Montenegro). GSA Bulletin 123 (1-2): 40-50.

DANILOVA, A., 1958: Mikropaleontoloski prikaz zona viseg senona u Boki Kotorskoj. Geoloski glasnik Titograd 11:
223-232, pl. 23-27.

Dbakovi¢, M., 2018: Stratigraphy of Triassic formations with ammonoids between Virpazar and Bar (Montenegro).
Unpublished dissertation, University of Belgrade, 238 pp. (In Serbian, with English abstract).

Pakovié, M., GawLick, H.-J., CAPENOVIG, D., M1ssonT, S., MIL1é, M. & KrysTyN, L., 2018: Bithynian cherty lime-
stones of the Rosni virovi locality, Budva zone (southern Montenegro). XXI International Congress of the CBGA,
Abstracts, p. 64.

Paxovi¢, M., GAwLICK, H.-J. & SUDAR, M., 2021: Early-Middle Jurassic stepwise deepening in the transitional faci-
es belt between the Adriatic Carbonate Platform Basement and Neo-Tethys open shelf in northeastern Montene-
gro evidenced by new ammonoid data from the early Late Pliensbachian (Lavinianum Zone). Geoloski anali
Balkanskoga poluostrva 82 (1): 1-25.

Paxovi¢, M., KrysTYN, L. & SUDAR, M., 2022: The Middle Smithian (Early Triassic) ammonoids of Gornji Bréeli
(Southern Montenegro). Rivista Italiana di Paleontologia e Stratigrafia 128 (2): 427-446.

DERCOURT, J., 1968: Sur l'accident de Scutari-Pe(, la signification paléogéographique de quelques séries condensées en
Albanie septentrionale. Annales de la Société géologique du Nord 88: 109-117.

DERIC, N. & GERZINA, N, 2014: New data on the age of an Upper Cretaceous clastic-carbonate succession in Brezde
(Western Serbia). Geologia Croatica 67 (3): 163-170.

DjERIC, N., GERZINA, N, GAJI¢, V. & Vasi¢, N., 2009: Early Senonian radiolarian microfauna and biostratigraphy
from the Western Vardar Zone (Western Serbia). Geologica Carpathica 60 (1): 35-41.

DE WEVER, P, 1984: Triassic radiolarians from the Darno area (Hungary). Acta geol. Hungarica 27 (3), 295-306.

DE WEVER P., AZEMA, ]. & FOURCADE, E., 1994: Radiolaires et radiolarites: production primaire, diagenése et paléo-
géographie. Bulletin des Centres de Recherches Exploration-Production Elf Aquitaine 18 (1): 315-379.

DE WEVER, P., O’ DOGHERTY, L. & GORICAN, S., 2014: Monsoon as a cause of radiolarite in the Tethyan realm. C. R.
Geoscience 346 : 287-297.

DIMITRIJEVIC, M., 1967: Sedimentolosko-stratigrafski problemi srednjetrijaskog flisa u terenima izmedu Skadarskog
jezera i Jadranskog mora. Geoloski glasnik Titograd 5: 223-275.

DiMITRIEVIC, M.D., 1997: Geology of Yugoslavia. Geological Institute GEMINI Special Publication, Belgrade, 187
PP-

DILEK, Y., SHALLO, M. & FURNEs, H., 2005: Rift-drift, seafloor spreading, and subduction tectonics of Albanian
ophiolites. International Geology Review 47: 147-176.

DUMITRICA, P., 2017: On the status of the Triassic Nassellarian radiolarian family Tetraspinocyrtiidae Kozur and
Mostler and description of some related taxa. Revue de micropaléontologie 60: 33-85.

FOLIA BIOLOGICA ET GEOLOGICA 63/2 - 2022

143



144

S. GORICAN ET AL.: MESOZOIC BASINS OF THE SOUTHERN DINARIDES, MONTENEGRO

DUMITRICA, P. & DuMITRICA JUD, R., 1995: Aurisaturnalis carinatus (Foreman), an example of phyletic gradualism
among Saturnalid-type radiolarians. Revue de Micropaléontologie 38 (3): 195-216.

FERRIERE, J., CHANIER, F. & DITBANJONG, P., 2012: The Hellenic ophiolites: eastward or westward obduction of the
Maliac Ocean, a discussion. International Journal of Earth Sciences 101: 1559-1580.

FERRIERE, J., CHANIER, F., BAUMGARTNER, P.O., CARIDROIT, M., BOUT-ROUMAZEILLES, V., GRAVELEAU, F., DANE-
LIAN, T. & VENTALON, S., 2015: The evolution of the Triassic-Jurassic oceanic lithosphere: insights from the su-
pra-ophiolitic series of Othris (continental Greece). Bull. soc. géol. France 186 (6): 71-84.

FERRIERE, J., BAUMGARTNER, P.O. & CHANIER, F., 2016: The Maliac Ocean: the origin of the Tethyan Hellenic ophi-
olites. International Journal of Earth Sciences 105: 1941-1963.

GAwLICK, H.-J. & Mi1ssoNTt, S., 2015: Middle Triassic radiolarite pebbles in the Middle Jurassic Hallstatt Mélange of
the Eastern Alps: implications for Triassic-Jurassic geodynamic and palaeogeographic reconstructions of the we-
stern Tethyan realm. Facies 61 (13): 19 pages. DOI 10.1007/s10347-015-0439-3

GawLick, H.-J. & MissoNt, S., 2019: Middle-Late Jurassic sedimentary mélange formation related to ophiolite ob-
duction in the Alpine-Carpathian-Dinaridic Mountain Range. Gondwana Research 74: 144-172.

GAWLICK, H.-J. & SCHLAGINTWEIT, E., 2006: Berriasian drowning of the Plassen carbonate platform at the type-lo-
cality and its bearing on the early Eoalpine orogenic dynamics in the Northern Calcareous Alps (Austria). Inter-
national Journal of Earth Sciences 96: 451-462.

GAwLICK, H.]., FriscH, W., HoxHA, L., DuMITRICA, P., KRYSTYN, L., LEIN, R., M1SSONI, S. & SCHLAGINTWEIT, F.,
2008: Mirdita Zone ophiolites and associated sediments in Albania reveal Neotethys Ocean origin. International
Journal of Earth Sciences 97: 865-881.

GawLICK, H.J., SUDAR, M., Suzukr, H., DJerIC, N, M1ssonT, S., LEIN, R. & JovaNovi¢ D., 2009: Upper Triassic and
Middle Jurassic radiolarians from the ophiolitic mélange of the Dinaridic Ophiolite Belt, SW Serbia. Neues Jahr-
buch fiir Geologie und Paldontologie, Abhandlungen 253 (2-3), 293-311.

GAWLICK, H.-J., GORICAN, S., M1ssoNT, S. & LEIN, R., 2012: Late Anisian platform drowning and radiolarite depo-
sition as a consequence of the opening of the Neotethys ocean (High Karst nappe, Montenegro). Bulletin de la
Société géologique de France 183 (4): 349-358.

GAwLICK, H.-J., GORIGAN, S., M1ssoNT, S., DUMITRICA, P., LEIN, R., FriscH, W. & HoxHaA, L., 2016a: Middle and
Upper Triassic radiolarite components from the Kcira-Dushi-Komani ophiolitic mélange and their provenance
(Mirdita Zone. Albania). Revue de micropaléontologie 59: 359-380.

GAWLICK, H.-J., MissonT, S., SuzUki, H., SUDAR, M., LEIN, R. & JovaNoVI¢, D., 2016b: Triassic radiolarite and carbonate
components from a Jurassic ophiolitic mélange (Dinaridic Ophiolite Belt). Swiss Journal of Geosciences 109: 473-494.

GAwLICK, H.-]., SUDAR, M.N., Mi1ssonT, S., Suzukr, H,, LEIN, R., JovaNovi¢, D., 2017a: Triassic-Jurassic geodyna-
mic evolution of the Dinaridic Ophiolite Belt (Inner Dinarides, SW Serbia). Journal of Alpine Geology 55, 1-167.

Gawiick H.-J,, Djeri¢ N., MissonNt S., BRAGIN N. Yu., LEIN R., SUDAR M. & JovaNovi¢ D., 2017b: Age and micro-
facies of oceanic Late Triassic radiolarite components from the Middle Jurassic ophiolitic mélange in the Zlatibor
Mountains (Inner Dinarides, Serbia) and their provenance. Geologica Carpathica 68 (4): 350-365.

GAWLICK, H.-J., M1ssonT, S., SUDAR, M.N., GOrICAN, S., LEIN, R., STANZEL, A.L. & Jovanovié, D., 2017c: Open-
-marine Hallstatt Limestones reworked in the Jurassic Zlatar Mélange (SW Serbia): a contribution to understan-
ding the orogenic evolution of the Inner Dinarides. Facies 63: 29 (25 p.).

GAWLICK, H.-J., M1ssoN1, S., SUDAR, M.N., Suzuki, H., MERES, S., LEIN, R. & Jovanovié, D. 2018: The Jurassic
Hallstatt Mélange of the Inner Dinarides (SW Serbia): implications for Triassic-Jurassic geodynamic and palae-
ogeographic reconstructions of the Western Tethyan realm. Neues Jahrbuch fiir Geologie und Paldontologie,
Abhandlungen 288 (1): 1-47.

GAWLICK, H.-J., SUDAR, M., MISSONI, S., AUBRECHT, R., SCHLAGINTWEIT, F., JovaNoviI¢, D. & Mikus, T., 2020.
Formation of a Late Jurassic carbonate platform on top of the obducted Dinaridic ophiolites deduced from the
analysis of carbonate pebbles and ophiolitic detritus in southwestern Serbia. International Journal of Earth Sci-
ences 109: 2023-2048.

GORICAN, S., 1987: Jurassic and Cretaceous radiolarians from the Budva Zone (Montenegro, Yugoslavia). Revue de
Micropaléontologie 30: 177-196.

GORICAN, S., 1994: Jurassic and Cretaceous radiolarian biostratigraphy and sedimentary evolution of the Budva Zone
(Dinarides, Montenegro). Mémoires de Géologie (Lausanne) 18, 177 pp.

GORICAN, S., HALaMIC, J., GRGAsovIE, T. & KOLAR-JURKOVSEK, T. 2005: Stratigraphic evolution of Triassic arc-
-backarc system in northwestern Croatia. Bull. Soc. géol. France 176: 3-22.

FOLIA BIOLOGICA ET GEOLOGICA 63/2 - 2022



S. GORICAN ET AL.: MESOZOIC BASINS OF THE SOUTHERN DINARIDES, MONTENEGRO

GRADSTEIN, E.M,, OGg, ].G., ScumITZ, M.D. & OGG, G.M., 2012: The geological time scale 2012. Elsevier, Amsterdam.

Haas, J., KovAcs, S., GAWLICK, H.-J., GRADINARU, E., KARAMATA, S., SUDAR, M., PERO, C., MELLO, J., POLAK, M.,
OGORELEC, B. & BUSER, S., 2011: Jurassic evolution of the tectonostratigraphic units of the Circum-Pannonian
Region. Jahrbuch der Geologischen Bundesanstalt 151: 281-354.

HavraMmI¢, ]. & GORICAN, S., 1995: Triassic radiolarites from Mts. Kalnik and Medvednica (northwestern Croatia).
Geologia Croatica 48: 129-146.

HaraMié, J., GORIGAN, S., SLOVENEC, D. & KOLAR-JURKOVSEK, T., 1999: A Middle Jurassic Radiolarite-Clastic
Succession from the Medvednica Mt. (NW Croatia). Geologia Croatica 52, 29-57.

HARZHAUSER, M. & MANDIC, O., 2008: Neogene lake systems of central and South-Eastern Europe: Faunal diversity,
gradients and interrelations. Paleogeography, Paleoclimatology, Paleoecology 260 (3—4): 417-434.

HAUER, Ev,, 1888: Die Cephalopoden des bosnischen Muschelkalkes von Han Bulog bei Sarajevo. Denkschr. K. Akad.
Wiss., math.-natw. K., 54: 1-50.

HoRrACEK, M., Pakovi¢, M. & KrYSTYN, L., 2020: The Permian of the Budva Zone, Montenegro, western Tethys.
Permophiles 69: 32-36.

HrvaTtovi¢, H., 2006: Geological guidebook through Bosnia and Herzegovina. Geological Survey of Federation Bosnia
and Herzegovina, Sarajevo, 172 pp.

IKEDA, M. & TADA, R., 2014: A 70 million year astronomical time scale for the deep-sea bedded chert sequence (Inuya-
ma, Japan): Implications for Triassic-Jurassic geochronology. Earth and Planetary Science Letters 399: 30-43.
IKEDA, M., TADA, R. & SAKUMA, H., 2010: Astronomical cycle origin of bedded chert: A middle Triassic bedded chert

sequence, Inuyama, Japan. Earth and Planetary Science Letters 297: 369-378.

IKEDA, M., TADA, R. & OzaKk1, K., 2017: Astronomical pacing of the global silica cycle recorded in Mesozoic bedded
cherts. Nature Communications 8:15532, DOI: 10.1038/ncomms15532.

INGLE, J.C. JR., 1981: Origin of Neogene diatomites around the North Pacific Rim. In: GARRISON, R.E., DouGLas, R.G.
etal. (Eds.): The Monterey Formation and Related Siliceous Rocks of California. Spec. Publ. Pac. Sect. Soc. econ.
Paleont. Miner., Los Angeles, 159-179.

JeNnkYNs, H.G., JonEs, C.E., GROCKE, D.R., HEssELBO, S.P. & PARKINSON, D.N., 2002: Chemostratigraphy of the
Jurassic System: applications, limitations and implications for palaeoceanography. Journal of the Geological
Society London 159: 351-378.

KARAMATA, S., 2006: The geological development of the Balkan Peninsula related to the approach, collision and com-
pression of Gondwanan and Eurasian units. In: ROBERTSON, A.H.F. & MoUNTRAKIS, D., (Eds.): Tectonic Deve-
lopment of the Eastern Mediterranean Region. Geological Society London Special Publications 260: 155-178.

Kozur, H. & MOSTLER, H., 1994: Anisian to Middle Carnian radiolarian zonation and description of some strati-
graphicallyimportant radiolarians. Geologisch-Paldontologische Mitteilungen Innsbruck Sonderband 3: 39-255.

Kozur, H. & RETI, Z., 1986: The first paleontological evidence of Triassic ophiolites in Hungary. N. Jb. Geol. Paldont.
Mh. 5: 284-292.

Kozur, HW., KRAINER, K. & MOSTLER, H., 1996: Radiolarians and Facies of the Middle Triassic Loibl Formation,
South Alpine Karawanken Mountains (Carinthia, Austria). Geologisch-Paldontologische Mitteilungen Innsbruck
Sonderband 4, 195-269.

KovAcs S., SUDAR M., GRADINARU E., GawLick H.-J.,, KARAMATA S., HAaAs J., PERO C., GAETANI M., MELLO J.,
PoLAK M., ALjiNoVIC D., OGORELEC B., KOLAR-JURKOVSEK T., JURKOVSEK B. & BUSER S. 2011. Triassic Evolu-
tion of the Tectonostratigraphic Units of the Circum-Pannonian Region. Jahrbuch der Geologischen Bundesan-
stalt 151 (3-4): 199-280.

KRyYSTYN, L.,2008: The Hallstatt pelagics—Norian and Rhaetian Fossillagerstaetten of Hallstatt. Berichte Geologische
Bundesanstalt 76: 81-98.

KRYSTYN, L., BRANDNER, R., Pakovi¢, M. & HORACEK, M. 2019: The Lower Triassic of Budva Zone. Geoloski
Glasnik 17: 9-22.

Kuko¢, D., 2014: Jurassic and Cretaceous radiolarian stratigraphy of the Bled Basin (northwestern Slovenia) and
stratigraphic correlations across the Internal Dinarides. Dissertation, University of Ljubljana, 257 pp.

Kuko¢, D., GORICAN, S. & KOSIR, A., 2012: Lower Cretaceous carbonate gravity-flow deposits from the Bohinj area (NW
Slovenia): evidence of a lost carbonate platform in the Internal Dinarides. Bull. Soc. géol. France 183 (4): 383-392.

LONGRIDGE, L.M., CARTER, E.S., SmITH, P.L. & TipPER, HW., 2007: Early Hettangian ammonites and radiolarians
from the Queen Charlotte Islands, British Columbia and their bearing on the definition of the Triassic-Jurassic
boundary. Palaeogeography, Palaeoclimatology, Palacoecology 244: 142-169.

FOLIA BIOLOGICA ET GEOLOGICA 63/2 - 2022

145



146

‘ S. GORICAN ET AL.: MESOZOIC BASINS OF THE SOUTHERN DINARIDES, MONTENEGRO

MATENCO, L. & RADIVOJEVIC, D., 2012: On the formation and evolution of the Pannonian Basin: Constraints deri-
ved from the structure of the junction area between the Carpathians and Dinarides. Tectonics 31, TC6007.
https://doi.org/10.1029/2012TC003206

MARRONI, M., PANDOLFI, L., ONUzl, K., PALANDRI, S. & XHOMO, A., 2009: Ophiolite-bearing Vermoshi Flysch (Al-
banian Alps, northern Albana): elements for its correlation in the frame of Dinaric-Hellenic belt. Ofioliti 34 (2):
95-108.

METODIEV, L., RABRENOVIC, D., Mojsié, 1., IvaNova, D., KoLEva-REkALovVA, E. & RapuLovié, V., 2013: The am-
monites of the Bifrons Zone (Toarcian, Lower Jurassic) from Mihailovi¢i (Northern Montenegro). Comptes ren-
dus de ’Académie bulgare des Sciences 66 (1): 67-76.

MikEes, T., CHRIST, D., PETRI, R., DUNKL, I, FREL, D., BALDI-BEKE, M., REITNER, J., WEMMER, K., HrRvAaTOVIC, H.
& voN EYNATTEN, H., 2008: Provenance of the Bosnian Flysch. Swiss Journal of Geosciences 101: S31-S54.
MIrkoOVIC, M., 1983: Geoloski sastav i tektonika planina Durmitora, Pivske planine i Volujaka (Geology and tectonics
of Durmitor, Piva and Volujak mountains) (in Serbian with English summary). Zavod za geoloska istrazivanja SR

Crne Gore, Posebna izdanja Geoloskog glasnika 5, 116 pp., 4 foldouts in appendix.

Mirkovi¢, M. & Vujisi¢, P., 1989: Osnovna geoloska karta 1:100 000, list Zabljak. Savezni geoloski zavod, Beo-
grad.

Mirkovi¢, M., KaLEzi¢, M. & Pajovié, M., 1968: Osnovna geoloska karta 1:100 000, list Bar. Savezni geoloski
zavod, Beograd.

MIRKOVIC, M., Pajovié, M., BuzarLjko, R., KALEZIC M. & Z1VALJEVIC, M., 1978: Osnovna geoloska karta 1:100
000, list Pljevlja. Savezni geoloski zavod, Beograd.

MIRKOVIC, M., ZIVALJEVIC, M., PokI¢, V., PEROVIE, Z., KALEZIE, M. & Pajovié, M., 1985: Geoloska karta Crne
Gore, 1:200.000. RSIZ za geoloska istrazivanja, Titograd.

MissonT, S., GAwLICK, H.-J., SUDAR, M.N,, JovaNovi¢, D. & LEIN, R., 2012: Onset and demise of the Wetterstein
Carbonate Platform in the mélange areas of the Zlatibor Mountain (Sirogojno, SW Serbia). Facies 58: 95-111.

MURCHEY, B. M., 1984: Biostratigraphy and lithostratigraphy of chert in the Franciscan Complex, Marin Headlands,
California. In: BLAKE, Jr. M. C. (Ed.), Franciscan Geology of Northern California. Pacific Section Society of Eco-
nomic Paleontologists and Mineralogists 43: 51-70.

NirTA G., BorTOLOTTI V., CHIARI M., MENNA E,, SaAccaNt E., PriNcIPI G. & VANNUCCHI P, 2010: Ophiolites from
the Grammos-Arrenes area, northern Greece: geological, paleontological and geochemical data. Ofioliti 35: 103-
115.

NIRTA, G., MORATTI, G., PICCARDI, L., MONTANARI, D., CATANZARITI, R., CARRAS, N. & PAPINI, M., 2015: The
Boeotian flysch revisited: new constraints on ophiolite obduction in Central Greece. Ofioliti 40 (2): 107-123.
NIRTA, G., MORATTI, G., PicCARDIL L., MONTANARI, D., CARRAS, N., CATANZARITIL R., CHIARL, M. & MARcCUCCI, M.,

2018: From obduction to continental collision: new data from Central Greece. Geological Magazine 155 (2): 377-421.

NiIRrTA, G., ABERHAN, F,, BorTOLOTTI, V., CARRAS, N., MENNA, F. & FAzzUOLL, M., 2020: Deciphering the geodyna-
mic evolution of the Dinaric orogen through the study of the ‘overstepping’ Cretaceous successions. Geological
Magazine 157 (8): 1238-1264.

NOTH, L., 1956: Beitrige zur Geologie von Nordmontenegro. Oberlias in der Umgebung von Pljevlja. Raimund von
Klebelsberg-Festschrift der Geologischen Gesellschaft in Wien 48, 167-191.

OBRADOVIG, J. & GORICAN, S., 1988: Siliceous Deposits in Yugoslavia: Occurrences, Types and Ages. In: HEIN, ]. R.
& OBrRADOVIC, J. (Eds.): Siliceous Deposits of the Tethys and Pacific Regions. Springer Verlag: 51-64.

O‘DOGHERTY, L., 1994: Biochronology and Paleontology of Mid-Cretaceous Radiolarians from Northern Apennines
(Italy) and Betic Cordillera (Spain). Mémoires de Géologie (Lausanne) 21: 1-415.

O’DOGHERTY, L., CARTER, E.S., DUMITRICA, P., GORIGAN, S., DE WEVER, P., HUNGERBUHLER, A., BANDINT, A.N.
& TAKEMURA A., 2009a: Catalogue of Mesozoic radiolarian genera. Part 1: Triassic. Geodiversitas 31: 213-270.

O’DOGHERTY, L., CARTER, E.S., DUMITRICA, P., GORICAN, S., DE WEVER, P., BANDINT, A.N., BAUMGARTNER, P.O.
& MATSUOKA, A., 2009b: Catalogue of Mesozoic radiolarian genera. Part 2, Jurassic-Cretaceous. Geodiversitas
31, 271-356.

O’DOGHERTY, L., CARTER, E. S., GOrICAN, S. & DumITRICA, P., 2010: Triassic radiolarian biostratigraphy. In:
Lucas, S.G. (Ed.), The Triassic Timescale. Geological Society London, Special Publication 334: 163-200.

OzsvART, P. & KovAcs, S., 2012: Revised Middle and Late Triassic radiolarian ages for ophiolite mélanges: implica-
tions for the geodynamic evolution of the northern part of the early Mesozoic Neotethyan subbasins. Bull. Soc.
géol. France 183 (4): 273-286.

FOLIA BIOLOGICA ET GEOLOGICA 63/2 - 2022



\ S. GORICAN ET AL.: MESOZOIC BASINS OF THE SOUTHERN DINARIDES, MONTENEGRO \

PaMIC, J., 1984: Triassic magmatism of the Dinarides in Yugoslavia. Tectonophysics 109: 273-307.

Pamic, J., ToMLJENOVIC, B. & BALEN, D., 2002: Geodynamic and petrogenetic evolution of Alpine ophiolites from the
central and NW Dinarides: an overview. Lithos 65: 113-142.

PERON-PINVIDIC, G. & MANATSCHAL, G., 2010. From microcontinents to extensional allochthons: witnesses of how
continents rift and break apart? Petroleum Geoscience 16, 1-10.

PEssaGNO, E.A. 1977: Lower Cretaceous radiolarian biostratigraphy of the Great Valley Sequence and Franciscan
Complex, California Coast Ranges. Cushman Foundation for foraminiferal Research, Special Publication 15:1-
87.

PEssaGNO, E.A.Jr., BLoME, C.D., CARTER, E.S., MAcCLEOD, N., WHALEN, P. & YEH, K.-Y., 1987: Studies of North
American Jurassic Radiolaria. Part II. Preliminary radiolarian zonation for the Jurassic of North America.
Cushman Foundation Spec. Publ. 23: 1-18.

Pricg, G.D., Fézy, I. & PALFY, ]., 2016: Carbon cycle history through the Jurassic-Cretaceous boundary: A new global
013C stack. Palaeogeography, Palaeoclimatology, Palaeoecology 451: 46-61.

RaBRENOVIC, D., METODIEV, L.S., IvaNova, D.K., KoLEva-REkarLova, E.K., Rapurovié, V. & Mojsié, 1., 2012:
The Lower and the Middle Jurassic facies and biostratigraphy (ammonites and foraminifers) of the Lim River area
(Internal Dinarides), Montenegro. Comptes rendus de ’Académie bulgare des Sciences 65 (12): 1705-1716.

RADOICIC, R, 1982. Carbonate platforms of the Dinarides: the example of Montenegro — west Serbian sector. Bulletin
de ’Académie Serbe des Sciences et des Arts 80, Classe des Sciences naturelles et mathématiques 22: 35-46.

RADOICIC, R, JovaNovI¢, D. & SUDAR, M., 2009: Stratigraphy of the Krs Gradac section (SW Serbia). Geoloski anali
Balkanskoga poluostrva 70: 23-41.

RAMPNOUYX, J.-P., 1969: La géologie du Sandjak: mise en evidence de la nappe du Pester: confins serbo-monténégrins
(Yougoslavie). Bull. Soc. géol. France sér. 7, XI (6): 881-893.

RAMPNOUX, J.-P., 1970: Regards sur les Dinarides internes yougoslaves (Serbie-Monténégro oriental): stratigraphie,
evolution paléogéographique, magmatisme. Bull. Soc. géol. France sér. 7, XII (6): 948-966.

RAMPNOUX, J.-P., 1974: Contribution a I’étude géologiqge des Dinarides: un secteur de la Serbie méridionale et du Mon-
ténégro oriental (Yougoslavie). Mémoires de la Société géologique de France 119: 99 pp.

ROBERTSON, A. H., 2012: Late Palaeozoic-Cenozoic tectonic development of Greece and Albania in the context of alter-
native reconstructions of Tethys in the Eastern Mediterranean region. International Geology Review 54 (4): 373
454.

RoBERTSON, A.H.F. & KARAMATA, S., 1994: The role of subduction-accretion processes in the tectonic evolution of
the Mediterranean Tethys in Serbia. Tectonophysics 234: 73-94.

ROBERTSON, A. & SHALLO, M., 2000: Mesozoic-Tertiary tectonic evolution of Albania in its regional Eastern Medi-
terranean context. Tectonophysics 316: 197-254.

RoBERrTsON, A.H.F,, CLIFT, P.D., DEGNAN, P.J. & JoNES, G., 1991: Palacogeographic and palaeotectonic evolution
of the Eastern Mediterranean Neotethys. Palaeogeography, Palaeoclimatology, Palacoecology 87: 289-343.

RoBEeRrTsON, A.H.F,, TRIvI¢, B., DERIC, N. & BUCUR, LI, 2013: Tectonic development of the Vardar ocean and its
margins: evidence from the Republic of Macedonia and Greek Macedonia. Tectonophysics 595-596: 25-54.

RoBIN, C., GORICAN, S., GUILLOCHEAU, F., RazIN, P., DROMART, G. & MosaFFa, H., 2010: Mesozoic deep-water
carbonate deposits from the southern Tethyan passive margin in Iran (Pichakun nappes, Neyriz area): biostrati-
graphy, facies sedimentology and sequence stratigraphy. In: LETURMY, P., RoBIN, C. (Eds.) Tectonic and Strati-
graphic Evolution of Zagros and Makran during the Mesozoic-Cenozoic. Geological Society London, Special
Publication 330: 179-210.

SAccANTI, E., BORTOLOTTIL, V., MARRONI, M., PANDOLFIL, L., PHOTIADES, A. & PriNcIPI, G., 2008: The Jurassic as-
sociation of backarc basin ophiolites and calc-alkaline volcanics in the Guevgueli Complex (Northern Greece).
Implication for the evolution of the Vardar Zone. Ofioliti 33: 209-227.

SaccaNt, E., BECCALUVA, L., PHOTIADES, A. & ZEDA, O., 2011: Petrogenesis and tectono-magmatic significance of
basalts and mantle peridotites from the Albanian-Greek ophiolites and sub-ophiolitic melanges. New constraints
for the Triassic-Jurassic evolution of the Neo-Tethys in the Dinaride sector. Lithos 124: 227-242.

SaccaNt, E., DILEK, Y., MARRONI, M. & PANDOLFI, L., 2015: Continental margin ophiolites of Neotethys: Remnants
of Ancient Ocean-Continent Transition Zone (OCTZ) lithosphere and their geochemistry, mantle sources and
melt evolution patterns. Episodes 38: 230-249.

SANDOVAL GUTIERREZ, M. L, 2015: Late Mesozoic to Neogene radiolarian biostratigraphy and palaeoceanography
in the Caribbean and East Pacific Region. PhD Université de Lausanne.

FOLIA BIOLOGICA ET GEOLOGICA 63/2 - 2022

147



148

S. GORICAN ET AL.: MESOZOIC BASINS OF THE SOUTHERN DINARIDES, MONTENEGRO

SCHEFER, S., EGLL, D., M1ssoNI, S., BERNouULLI, D., FOGENSCHUH, B., GAwLICK, H.-]., JovaNoVIé, D., KrRysTYN, L.,
LEIN, R., ScHMID, S. & SUDAR, M., 2010: Triassic metasediments in the Internal Dinarides (Kopaonik area,
southern Serbia): stratigraphy, paleogeography and tectonic significance. Geologica Carpathica 61: 89-109.

SCHERREIKS, R., BOSENCE, D., BOUDAGHER-FADEL, M., MELENDEZ, G. & BAUMGARTNER, P.O., 2010: Evolution of
the Pelagonian carbonate platform complex and the adjacent oceanic realm in response to plate tectonic forcing
(Late Triassic and Jurassic), Evvoia, Greece. International Journal of Earth Sciences 99: 1317-1334.

SCHLAGINTWEIT, F., GAwLIck, H.-]. & LEIN, R., 2005: Mikropaldontologie und Biostratigraphie der Plassen-Karbo-
natplattform der Typlokalitit (Ober-Jura bis Unter-Kreide, Salzkammergut, Osterreich). ] Alp Geol Mitt Ges Geol
Bergbaustud Osterreich 47: 11-102.

SCHLAGINTWEIT, F., GAWLICK, H.-]J., MIssONI, S., HoxHA, L., LEIN, R. & FriscH, W., 2008: The eroded Late Juras-
sic Kurbnesh carbonate platform in the Mirdita Ophiolite Zone of Albania and its bearing on the Jurassic orogeny
of the Neotethys realm. Swiss Journal of Geosciences 101: 125-138.

ScHMID, S.M., BERNoULLI, D., FOGENSCHUH, B., MATENCO, L., SCHEFER, S., SCHUSTER, R., TISCHLER, M. & UsTA-
szEwsKI, K. 2008: The Alpine-Carpathian-Dinaridic orogenic system: correlation and evolution of tectonic units.
Swiss Journal of Geosciences 101: 139-183.

ScHMID, S.M., FUGENSCHUH, B., KouNov, A., MATENCO, L., NIEVERGELT, P., OBERHANSLI, R., PLEUGER, ]., SCHE-
FER, S., SCHUSTER, R., ToMLJENOVIC, B., UsTAaszEwskI, K. & vAN HINSBERGEN, D.J.]J., 2020: Tectonic units of
the Alpine collision zone between Eastern Alps and western Turkey. Gondwana Research 78: 308-374.

SEGVIE, B., Kukodé, D., DRAGICEVIC, 1., VRANJKOVIG, A., BREIE, V., GORICAN, S., BaBajié, E. & Hrvatovié, H.,
2014: New record of Middle Jurassic radiolarians and evidence of Neotethyan dynamics documented in a mélange
from the Central Dinaridic Ophiolite belt (CDOB, NE Bosnia and Herzegovina). Ofioliti 39: 31-41.

SLOVENEC, D., SEGVIC, B., HALAMIG, J., GORICAN, S. & ZANONT, G., 2020: An ensialic volcanic arc along the northwe-
stern edge of Palaeotethys - Insights from the Mid-Triassic volcano-sedimentary succession of Ivanscica Mt.
(northwestern Croatia). Geological Journal 55: 4324-4351.

Spray, J.G., BEBIEN, ], REX, D.C. & RoDpDICK, ].C., 1984: Age constraints on the igneous and metamorphic evolution
of the Hellenic-Dinaric ophiolites. In: D1xoN, J.E. & RoBERTsON, A.H.F. (Eds.) The Geological Evolution of the
Eastern Mediterranean. Geological Society London, Special Publications 17: 619-627.

StaMmPELI, G. M. & BorEL, G. D., 2002: A plate tectonic model for the Paleozoic and Mesozoic constrained by dyna-
mic plate boundaries and restored synthetic oceanic isochrons. Earth Planet. Sci. Lett. 196: 17-33.

StamPELI, G.M. & BOREL, G.D., 2004: The TRANSMED transects in space and time: constraints on the paleotectonic
evolution of the Mediterranean domain. In: Cavazza, W., ROURE, F., SpAkMAN, W., STaAMPFLI, G.M. & ZIE-
GLER, P. (Eds.), The TRANSMED Atlas: The Mediterranean Region from Crust to Mantle, Springer, 53-80.

StaMPELL, G. M. & Kozur, H. W, 2006: Europe from Variscan to the Alpine cycles. In: GEE, D. G., STEPHENSON, R.
A. (Eds.), European Lithosphere Dynamics. Geological Society London, Memoirs 32: 57-82.

STOCKAR, R., DUMITRICA, P. & BAUMGARTNER, P.O., 2012: Early Ladinian radiolarian fauna from the Monte San
Giorgio (Southern Alps, Switzerland): systematics, biostratigraphy and paleo(bio)geographic implications. Riv-
ista Ttaliana di Paleontologia e Stratigrafia 118 (3): 375-437.

SuDAR, M.N,, GawLICK, H.-]., LEIN, R., MissoNT, S., KovAcs, S. & Jovanovi¢, D., 2013: Depositional environment,
age and facies of the Middle Triassic Bulog and Rid formations in the Inner Dinarides (Zlatibor Mountain, SW
Serbia): evidence for the Anisian break-up of the Neotethys Ocean. N- Jb. Geol. Paldont. Abh. 269 (3): 291-320.

TANG, T., KISSLINGER, K. & LEE, C., 2014: Silicate deposition during decomposition of cyanobacteria may promote
export of picophytoplankton to the deep ocean. Nature Communications 5: 4143, DOI: 10.1038/ncomms5143.

TexIN, UK., 1999: Biostratigraphy and systematics of late Middle to Late Triassic radiolarians from the Taurus
Mountains and Ankara region, Turkey. Geologisch—- Paldontologische Mitteilungen Innsbruck, Sonderband 5,
1-297.

Ustaszewskl, K., ScHMID, S.M., Lucovi¢, B., SCHUSTER, R., SCHALTEGGER, U., BERNOULLI, D., HOTTINGER, L.,
Kounov, A., FUGENSCHUH, B. & SCHEFER, S., 2009. Late Cretaceous intra-oceanic magmatism in the internal
Dinarides (northern Bosnia and Herzegovina): Implications for the collision of the Adriatic and European plates.
Lithos 108: 106-125.

VAN GELDER, [.E., MATENCO, L., WILLINGSHOFER, E., TOMLJENOVIC, B., ANDRIESSEN, P.A.M., Ducea, M.N.,
BENIEST, A. & GRUIC, A., 2015: The tectonic evolution of a critical segment of the Dinarides-Alps connection:
Kinematic and geochronological inferences from the Medvednica Mountains, NE Croatia. Tectonics 34 (9):
1952-1978.

FOLIA BIOLOGICA ET GEOLOGICA 63/2 - 2022



S. GORICAN ET AL.: MESOZOIC BASINS OF THE SOUTHERN DINARIDES, MONTENEGRO \

vAN UNEN, M., MATENCO, L., NADER, F. H., DARNAULT, R., MANDIC, O. & DEMIR, V., 2019: Kinematics of foreland-
-vergent crustal accretion: Inferences from the Dinarides evolution. Tectonics 38 (1):49-76. https://doi.org/10.1029/
2018TC005066

VISHNEVSKAYA, V.S., DJERIC, N. & ZAKARIADZE, G.S., 2009: New data on Mesozoic Radiolaria of Serbia and Bo-
snia, and implications for the age and evolution of oceanic volcanic rocks in the Central and Northern Balkans.
Lithos 108: 72-105.

ViaHOVIC, L, TISLJAR, J., VELIG, 1., & MATICEC, D., 2005: Evolution of the Adriatic Carbonate Platform: Palaeoge-
ography, main events and depositional dynamics. Palaeogeography, Palaeoclimatology, Palaeoecology 220:
333-360.

WANG, Y., YANG, Q., MATSUOKA, A., KoBayasHI, K., NaGaHAsHI, T. & ZENG, Q., 2002: Triassic radiolarians from
the Yarlung Zangbo Suture Zone in the Jinlu area, Zetang County, Southern Tibet. Acta Micropaleontologica
Sinica 19 (3): 215-227.

WiLLiFORD, K.H., WARD, P.D., GARRISON, G.H. & Buick, R., 2007: An extended organic carbon-isotope record
across the Triassic-Jurassic boundary in the Queen Charlotte Islands, British Columbia, Canada. Palaeogeogra-
phy, Palaeoclimatology, Palaeoecology 244: 290-296.

YURTSEVER, T.S., TEKIN, U.K. & DEMIREL, I.H. 2003: First evidence of the Cenomanian/Turonian boundary event
(CTBE) in the Alakir¢cay Nappe of the Antalya nappes, southwest Turkey. Cretaceous Research 24: 41-53.

ZIABREYV, S.V., AITCHISON, ].C., ABRAJEVITCH, A.V., BADENGZHU, DAavis, A.M. & Luo, H., 2004. Bainang Terrane,
Yarlung-Tsangpo suture, southern Tibet (Xizang, China): a record of intra-Neotethyan subduction-accretion pro-
cesses preserved on the roof of the world. J. Geol. Soc. London 161 (3): 523-539.

ZIEGLER, P.A. & STAMPFLI, G.M., 2001: Late Paleozoic — early Mesozoic plate boundary reorganization: collapse of
the Variscan orogen and opening of Neotethys. Natura Bresciana, Ann. Mus. Civ. Sc. Nat., Monografia 25: 17-
34.

ZIVALJEVIC, M., 1989: Explanations for Geological Map of SR Montenegro, Scale 1: 200,000. Geological Survey of
Montenegro, 62 p. (In Serbo-Croatian, English summary).

FOLIA BIOLOGICA ET GEOLOGICA 63/2 - 2022

149






= EX RAZPRAVE V. RAZREDA SAZU

ISSN 1855-7996

AA OPER(

b S

D D,
g

]S >

%,
SLoy, ,
4, ()

#

VSEBINA / CONTENTS

RAZPRAVE / ESSAYS

Hans-Jiirgen Gawlick, Sigrid +Missoni, Hisashi Suzuki, Spela Gorican & Luis O'Dogherty
Mesozoic tectonostratigraphy of the Eastern Alps (Northern Calcareous Alps, Austria): a radiolarian
perspective
Mezozojska tektonostratigrafija Vzhodnih Alp (Severne Apneniske Alpe, Avstrija): radiolarijska
perspektiva

Franci Gabrovsek, Andrej Mihevc, Cyril Mayaud, Matej Blatnik ¢ Blaz Kogovsek
Slovene Classical karst: Kras Plateau and the Recharge Area of Ljubljanica River
Klasi¢ni kras: planota Kras in krasko zaledje izvirov Ljubljanice

Spela Gorican, Aleksander Horvat, Duje Kuko¢ & Tomaz Verbic
Stratigraphy and structure of the Julian Alps in NW Slovenia
Stratigrafija in struktura Julijskih Alp v severozahodni Sloveniji

Spela Gorican, Martin Dakovic, Peter O. Baumgartner, Hans-Jiirgen Gawlick, Tim Cifer, Nevenka Djeric,
Aleksander Horvat, Anja Kocjancic, Duje Kukoc¢ & Milica Mrdak
Mesozoic basins on the Adriatic continental margin — a cross-section through the Dinarides in
Montenegro
Mezozojski bazeni na kontinentalnem robu Jadranske plos¢e — presek ¢ez Dinaride v Crni gori




