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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:
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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 geodinamic¢ni 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-
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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 clanku 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-
membnejsi 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
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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
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Figure 1: 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;
BortoroTTI 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,
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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
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Figure 2: Paleogeographic reconstructions for the Late Triassic (a, c) and the Late Jurassic (b, d). (a, b: from STAMPFLI ¢ BOREL
2004, c: from ScHMID 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;
ScuMmiD et al. 2008, 2020; BorTOoLOTTI 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; StTAMPFLI & 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., PaAM1¢ 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; CHIARTI et al.
2003, 2004; BorTOoLOTTI 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, ¢) and UAZ 6-7 (based
on Kilinora spiralis (Matsuoka) reported by GawLick
et al., 2018). A comprehensive review on mélange units
from the entire Meliata-Maliac-Vardar branch of the
Neotethys has been also published (GawLrick & 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 GAwLICcK & 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; ScHMID et al. 2008, 2020; SACCANTI et al.
2011; FERRIERE et al. 2016; CHIARTI 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. STaAmP-
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;
GAwLICK 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; DERIC & 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;
Ustaszewskl 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. ScuMID 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.
BorTOLOTTI 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),
Pamic etal. (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 displays and
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 (ViLaHoVIC 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 (RaMPNOUX 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
DimMITRIEVIC (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 (RamMPNoUX 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 wassubdivided 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; GAwLICK 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 (ScHMID 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 (MIrRKOVIC 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 (DIMITRIJEVIC
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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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 CAPOA 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 (CariEro & D Caproa 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-

e

Figure 7: View to the two superposed tectonic units of the Budva Zone in NW Kotor Bay above the town of Bijela.

FOLIA BIOLOGICA ET GEOLOGICA 63/2 - 2022



102

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

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

3
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2
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4
GORNJA LASTVA

(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
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Abbreviations of the lithostratigraphic units:

BLL Bar Limestone - Lower Member
BLU Bar Limestone - Upper Member
BR Bijela Radiolarite

GL Globotruncana limestone

HL Halobia limestone

LR Lastva Radiolarite

PJ“Passée Jaspeuse”

PL Praevalis Limestone

RC resedimented carbonates

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.
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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
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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 CAaPoA 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-

=
[} PK 20
b
50m
= 100m
a
i— PK26
25m
= 50m
Om conodonts

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-

175m

PK7(9)

PK9 (8-9)

PK12(8)

150m

PK7(9)

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.

FOLIA BIOLOGICA ET GEOLOGICA 63/2 - 2022

109



110

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

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°0945”,
E 18°59’43”) for the Middle Jurassic to Upper Creta-
ceous; BasicGeologicalMapsheetsBudva (ANTONIJEVIC
et al. 1969) and Bar (MI1rkOVIC 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 &
Hor1 2005; 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

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

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 COZ, 802 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°09'46”, 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
(DIMITRIEVIC 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
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age (bDakovi¢, 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 underlyingbrecciaand 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 samplein 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 &
GorI¢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 wasa southwestdipping
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
shoalssupplied 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
(Raporc¢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
(Rapoic¢i¢ 1982). Early cementation welded the reef
margininto a rigid 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




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 platform debris. 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-

BERRIASIAN

breccias/ 1 cesmaf™
turbidites

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 pelagicto 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,radiolaritesedimen-
tation (Bijela Radiolarite) replaced pelagic carbonates

carbonate shelf

pelagic carbonate

e

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 Triassicrifting-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 (RamMPNoOUX 1974; MirKOVIC 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

General sedimentary evolution
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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,
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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.
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.

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
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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 RampNoUX (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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ophiolitic mélange

pelagic limestone/siliciclastics
upper Tithonian - Berriasian

breccia with platform debris
(Ellipsactinia and Clypeina)

bedded chert
Middle-Upper Jurassic

thin-bedded limestone
with chert
Lower —-?Middle Jurassic

marly interlayers
Rhaetian

STOP 6

locally breccia,
with reef debris
= Lower Norian

bedded limestone
with chert
Ladinian, Upper Triassic

Bulog Formation
with tuff interlayers
upper Anisian

platform limestone
with algae and foraminifera
lower Anisian

silty limestone
Werfen Fm., Campil Mb.
upper Lower Triassic

100 m

sandstone, siltstone
Werfen Fm., Seis Mb.
lower Lower Triassic

Figure 25: Schematic stratigraphic column of the Cehotina
Subzone NW of Pljevlja (according to RAMPNouUx 1974) with
position of stops 6 and 7.
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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
Rampnoux (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-

FOLIA BIOLOGICA ET GEOLOGICA 63/2 - 2022

125



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

Rhaetian

Sevatian

to.
Rhaetian 1

Alaunian 3/1

Alaunian 2

Alaunian 1

Lacian 3

Lacian 2

110

100

90

80

e e N

70 s
60
50
40
30
20

10

0

samples

MM 116

MM 117

MM 135
MM 134

MNE 545

MM 132
MM 133

MM 131

MM 130
MM 129

MM 128

MM 127

MM 126

MNE 544

MM 125
MM 124
MM 123
MM 122

grey-reddish limestones with
marl intercalations

red-grey siliceous limestones with
claystone intercalations, red
chert layers and nodules

grey siliceous 5-10 cm bedded limestones,
yellowish claystone

5-10 cm bedded grey limestones with red marl
intercalations and red chert nodules

dm-bedded grey-reddish siliceous limestones
with red cherts

polymictic breccias and microbreccias with
older open-marine hemipelagic components

slumpings, grey siliceous limestones,
cherts, fine-grained turbidites

breccia layer from slumpings,
with red siliceous matrix

dm-bedded grey limestones with chert nodules
and fine-grained turbidites

yellowish-grey siliceous dm-bedded limestones
with fine-grained turbidites

dm-bedded grey-red siliceous limestones,
chert nodules

coarse-grained turbidite layer

reddish marly dm-bedded limestones
dm-bedded grey limestones
grey dm-bedded limestones with cherts

dm-bedded siliceous limestones

thick-bedded to massive
fore-reefal limestones with deep-water
matrix

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.  co-occurrence of Cinguloturris carpatica Dumitrica
Only one sample (no. JB 3) yielded some determina-  (FAD in UAZ 7) and Hemicryptocapsa marcucciae
ble radiolarians. Also in this sample, sponge spicules (Cortese) (LAD in UAZ 8) indicates a late Bathonian-
account for more than 95% of the siliceous fauna.  early Callovian to middle Callovian-early Oxfordian
Among the identified radiolarians (Figure 30), the  age according to BAUMGARTNER et al. (1995).

grey:red siliceous|limestones S

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.

[m]

160 .
shallow-water organisms

sandstone turbidites
shallow-water organisms
siliceous claystones

?Tithonian

150

140

o
S
Q
o
Q
L
3
o
>
=1
@
o

Late

red radiolarite
radiolarian fauna: see text

130

Jurassic

basin tilting, slumps
Middle

grey-green radiolarite

120

Radiolaria-spicula micrite

grey siliceous limestone
thin-bedded

-
m
()
=3
<
=
=
o

badly outcropping

H. triassica

grey marly and siliceous limestone
thin-bedded

Rhaetian
=
o
t=}

grey siliceous limestone
thin-bedded

?late g H. triassica

covered

H. triassica

Triassic

Halobia styriaca
grey siliceous limestone
thick-bedded
Lumachelle layers

slumps

Lacian

Late

grey siliceous limestone
thick-bedded
turbidite layers

Carnian

grey siliceous limestone
thin-bedded
turbidite layers

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

FOLIA BIOLOGICA ET GEOLOGICA 63/2 - 2022

well dated with ammonites and foraminifera
(RABRENOVIC et al. 2012; METODIEV et al. 2013; GAw-
LICK et al. 2020; Dakovi¢ 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 (Paxovi¢ 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. (Paxovic¢ 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 (PaxoviC 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



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

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

t

%rthrust

JAB1,JAB2 '[

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
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Figure 31: Stratigraphic column of the Mihajloviéi section (from GAWLICK et al. 2020; DakoviC 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.

FOLIA BIOLOGICA ET GEOLOGICA 63/2 - 2022

11: Emiluvia bisellea Danelian, scale bar 133 um.

12: Spinosicapsa spinosa (OZvoldova), scale bar 133 um.

13: Ristola altissima Riist, scale bar 200 um.

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

15: Hsuum obispoense Pessagno, scale bar 133 ym.

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

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

19: Gongylothorax favosus Dumitrica, scale bar 100 um.
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
Mihajlovici 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 (RaMPNOUX 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
(Mirkovi¢ & Vujisi¢ 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 (MIrRkoOVIC 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 (GawLrick 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:  ZAB 1 (Figure 37: 7-13) contains only Oertlispongidae
1-6) is based on Oertlispongus inaequispinosus Dumi-  with straight spines (Paroertlispongus) that are less di-
trica, Kozur & Mostler, which spans the Late Anisian agnostic for age determination. The most useful ele-
and Early Ladinian (STockar et al. 2012). Sample  ment of this assemblage is the genus Celluronta, which

sandstone

radiolarite

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).

FOLIA BIOLOGICA ET GEOLOGICA 63/2 - 2022



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

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 age is in in the Fourka Unit of Othris (FERRIERE et al. 2015) and
good agreement with the oldest age documented for ~ the Miraka section in Albania (GAWLICK 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 islands belong to exotic terranes of
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Pacific origin (BANDINT 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-
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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
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lassa: MURCHEY 1984, IKEDA et al. 2010, IKEDA ¢ TADpA 2014; S. central America: BAUMGARTNER et al. 2008; Antilles: BANDINI et
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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
8C 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

o N
=allovian_—

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).
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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).
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