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Geodynamic evolution of the Northernmost Dinarides
revealed by the petrogenesis of Mid-Triassic
calc-alkaline volcanic rocks

DAMIR SLOVENEC!, DUJE KUKOC"*, DUJE SMIRCIC% BRANIMIR SEGVIC?,

MATIJA VUKOVSKI', MIRKO BELAK', TEA KOLAR-JURKOVSEK*, TONCI GRGASOVIC',

SPELA GORICAN?® and MARIJA HORVAT!

!Croatian Geological Survey, Sachsova 2, 10000 Zagreb, Croatia
Faculty of Mining, Geology and Petroleum Engineering, University of Zagreb, Pierottijeva 6, 10000 Zagreb, Croatia
3Department of Geosciences, Texas Tech University, 1200 Memorial Circle, Lubbock 79409 TX, U.S.A.
‘Geological Survey of Slovenia, Dimiceva ulica 14, 1000 Ljubljana, Slovenia
*Ivan Rakovec Institute of Paleontology, ZRC SAZU, Novi trg 2, 1000 Ljubljana, Slovenia

(Manuscript received February 3, 2026, accepted in revised form June 2, 2026; Associate Editor: Igor Broska)

Abstract: This paper presents mineralogical, petrological, geochemical, and Sr—Nd isotopic data on volcanic rocks from
the Northwestern Croatian Triassic Rift Basin, which is a locally aborted back-arc rift system of the Paleotethys.
The dataset also includes their isotopic ages, along with the biostratigraphic ages of all interbedded sedimentary rocks.
These volcano-sedimentary successions represent the northernmost parts of the Dinarides. The obtained “°Ar/*’Ar isoto-
pic age (243+1.8 Ma) indicates the Late Anisian age of the basaltic eruption and is somewhat consistent with the obtained
Early Ladinian biostratigraphic ages of the interbedded sedimentary rocks. The initial €, varies between —0.08 to +1.90,
while the initial ¥Sr/*Sr varies in a wide range from 0.704765 to 0.709248. The investigated Late Anisian to Early
Ladinian calc-alkaline/shoshonitic basaltic lavas were formed through: (i) low-degree partial melting (5—-14 %) of a shal-
low (spinel stability facies; max. depth ~33 km) magma source region in the subcontinental lithospheric mantle and
(ii) fractional crystallisation in a partially open magmatic system. The magma generation also involved: (i) melts from
the subducted slab, which is likely linked to the ancient, subducted oceanic crust of the Paleotethys, (ii) less abundant,
previously subducted continental crustal material — sediments recycled in the mantle wedge, and (iii) a negligible contri-
bution from depleted or an ocean-island, basalt-like mantle. These conditions suggest that the magma formed through
a complex process during magma ascent through tectonically weakened crustal zones. Although the intense effusive
volcanic activity during the Middle Triassic in the Northwestern Croatian Triassic Rift Basin lasted for a relatively short
period (~3—4 Myr; Bithynian—Fassanian), its geodynamic evolution was complex and can be attributed to: (i) the subduc-
tion of the Paleotethyan lithosphere associated with an ensialic volcanic arc developed in an active continental margin
setting, and (ii) the processes of continental rifting along the mid-Triassic margins of the Adria Plate, i.e., Greater Adria.
These processes represent the beginning of rifting, which affected a greater area on the Balkan Peninsula as well.
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Introduction

The Mediterranean region, which represents the plate boun-
dary zone between the African and Eurasian plates, is charac-
terised by a complex geodynamic evolution (e.g., Stampfli &
Borel 2002, 2004; Sengoér 2009; van Hinsbergen et al. 2020;
van Hinsbergen & Schouten 2021) and diverse magmatic
activity that occurred in the Tethyan realm (Paleotethys, Neo-
tethys) during the Triassic, particularly during the Middle
Triassic (Pamic 1984; Castellarin et al. 1988; Serri et al. 2001;
Gorican et al. 2005; Pami¢ & Balen 2005; Storck et al. 2018;
Lustrino et al. 2019). Middle Triassic magmatism, which is
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predominantly represented by multi-phase lava flow extru-
sions and various types of pyroclastic rocks, as well as rare
intrusions of intrusive rocks, is widely distributed across
the Adria Plate, including the Alpine—Carpathian Belt, such as
the Trans-Danubian region, Bilkk Mountains, Southern Alps,
Dinarides, and the Hellenides (Pamic¢ 1984; Castellarin et al.
1988; Bonadiman et al. 1994; Harangi et al. 1996; Pe-Piper
1998; Pomonis et al. 2004; Beccaluva et al. 2005; Gorican ct
al. 2005; Velledits 2006; Graciansky et al. 2011; Haas et al.
2011; Saccani et al. 2015; Bianchini et al. 2018; Casetta et al.
2018,2019; Smirci¢ et al. 2018; Storck et al. 2018; Lustrino et
al. 2019; Castorina et al. 2020; De Min et al. 2020; Slovenec
et al. 2020, 2023a, b; Slovenec & gegvié 2021; Velicogna et
al. 2023; Ogunyele et al. 2024; Nardini et al. 2025; Visona et
al. 2025). However, the geodynamic model and tectonomag-
matic evolution of these areas in the former western segment
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of the Paleotethys, which once separated Gondwana and
Laurussia, as well as the petrogenesis of the magmatic rocks
exposed there, still remain subjects of debate (Sengdr 1984,
2009; Stampfli & Borel 2004; Bortolotti & Principi 2005;
Bortolotti et al. 2013; Stampfli et al. 2013; Zulauf et al. 2018;
Neubauer et al. 2019; De Min et al. 2020; van Hinsbergen
et al. 2020; Ogunyele et al. 2024; Slovenec & Segvié¢ 2024;
Spahi¢ 2024). Thus, the origin of Middle Triassic magmatism
in the Mediterranean region is often associated with continen-
tal rifting-related processes (Crisci et al. 1984; Pamic¢ 1984;
Pami¢ & Balen 2005; Dal Piaz & Martin 1998; Aljinovic et
al. 2010; Saccani et al. 2015; Lustrino et al. 2019; De Min et
al. 2020; Slovenec et al. 2020, 2023a, b; Ogunyele et al. 2024;
Visona et al. 2025) or alternatively, with convergent tectonics
associated with the subduction of the Paleotethys (Bébien
et al. 1978; Castellarin et al. 1980, 1988; Obenholzner 1991;
Bonadiman et al. 1994; Stampfli & Borel 2002, 2004; Schmid
et al. 2004; Trubelja et al. 2004; Grimes et al. 2015; Bianchini
et al. 2018; Casetta et al. 2018; Smircic et al. 2018; Storck et
al. 2018; Castorina et al. 2020; Slovenec & Segvi¢ 2021).

Deposits of the incipient continental margin of the Adria
Plate are preserved as segments of Middle Triassic volcano-
sedimentary successions and can be found in the intra-Panno-
nian mountains of northwestern Croatia and eastern Slovenia
(Figs. la and 2). These volcano-sedimentary successions now
represent the northernmost part of the Dinarides (Vukovski et
al. 2024), which crop out in the western segment of the
Zagorje-Mid-Transdanubian Zone (ZMTDZ; sensu Pami¢ &
Tomljenovi¢ 1998; Fig. 1b). The volcano-sedimentary succes-
sions of this zone, which belong to the Northwestern Croatian
Triassic Rift Basin (NCTRB; Kuko¢ et al. 2023), are made of
basic to felsic volcanic and pyroclastic rocks, as well as vol-
caniclastic deposits intercalated with deep-sea siliceous and
carbonate sediments (e.g., Golub & Brajdi¢c 1968, 1970;
Golub et al. 1969; Sebegi¢ 1969; Marci et al. 1982, 1984;
Simuni¢ et al. 1982; Simuni¢ & Simuni¢ 1997; Gorican et al.
2005; Slovenec et al. 2020, 2023a, b; Slovenec & Segvic’
2021; Balen et al. 2022; Kuko¢ et al. 2023; Smirc¢i¢ et al.
2024). Systematic investigation of the Middle Triassic
volcano-pyroclastic sequence, which is spatially associated
with sedimentary rocks of the NCTRB, is therefore of key
importance for the reconstruction of magmatic activity, as
well as for the interpretation of the multiphase lithospheric
geodynamic processes that occurred along the continental
margins of the Adria Plate, i.e., the northwestern segment of
the Paleotethys.

In this study, we investigated Middle Triassic volcanism and
the associated sedimentary rocks in the area of northwestern
Croatia and eastern Slovenia. The research results present new
mineralogical, petrological, geochemical, isotopic, and geo-
chronological data of representative samples of effusive rocks,
as well as biostratigraphic and sedimentological data from
interstratified sediments, to formulate an integrated interpre-
tation of calc-alkaline volcanism in this region and propose
an original tectonomagmatic model for geodynamic evolution
during the Middle Triassic.
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Geological setting

The research area represents the northernmost segment of
the Dinarides, which is a mountain range that runs along the
eastern coast of the Adriatic Sea (Fig. 1). The Dinarides com-
prise several SW-verging tectono-stratigraphic units formed in
response to convergence between the Adria Plate or Greater
Adria (sensu van Hinsbergen et al. 2020) and the Eurasian
plate (Schmid et al. 2008, 2020). Here, however, the Dinaridic
structures bend sharply from their NW-SE trend and are late-
rally extruded towards the northeast along the Zagorje—Mid-
Transdanubian Zone (ZMTDZ; sensu Pami¢ & Tomljenovi¢
1998) or the Mid-Hungarian Fault Zone (sensu Csontos &
Nagymarosy 1998; Ustaszewski et al. 2009) (Fig. 1b). Vukovski
et al. (2024) attributed the successions investigated in this
work to the Pre-Karst and Bosnian Flysch Unit (sensu Schmid
et al. 2008), which is a first-order tectono-stratigraphic unit
of the Dinarides comprising Triassic carbonates (mostly shal-
low-marine) and a Jurassic—Cretaceous platform margin and
basin successions.

In the research area, which is largely covered by Cenozoic
deposits of the Pannonian Basin, Mesozoic formations are
exposed within a mountain chain representing an approxi-
mately 100 km long Rudnica—Ivanscica anticline (sensu Placer
1999), extending from eastern Slovenia into northern Croatia
(Fig. 2a,b). These mountains are built of Triassic dolostones
(Simuni¢ et al. 1981, 1982; Ani¢i¢ & Juresa 1984, 1985) with
local occurrences of basaltic to rhyolitic volcanic and pyro-
clastic lithologies, sometimes intercalated with radiolarian
cherts and pelagic limestones of Middle Triassic age (Fig. 2a,b;
e.g., Gorican et al. 2005; Slovenec et al. 2020, 2023a, b;
Slovenec & Segvi¢ 2021; Kuko¢ et al. 2023; Smirgié et al.
2024). A younger Mesozoic sedimentary succession is expo-
sed only on Ivan$¢ica Mt. and includes thick Jurassic to Lower
Cretaceous shallow- to deep-marine deposits found in tectonic
contact with the ophiolitic mélange (Fig. 2a; Vukovski et al.
2023).

Paleogeographically, these stratigraphic successions are
interpreted as originating from the Adria Plate or Greater
Adria, which during the Middle Triassic was affected by
intense rifting linked to the opening of the northern branch of
the Neotethys Ocean (Kukoc et al. 2023; Slovenec et al. 2023a).
Extension during this period created short-lived grabens,
which were filled with pelagic sediments, volcanic and pyro-
clastic deposits, and separated by active carbonate platforms
(Gorican et al. 2005; Slovenec et al. 2020, 2023b; Kukoc et al.
2023). These volcanic and pyroclastic lithologies are products
of bimodal volcanic activity that generated submarine basaltic
extrusions and explosive rhyolitic eruptions (Slovenec et al.
2023a; Smircic¢ et al. 2024). Following the rifting phase, this
part of the Adriatic microplate represented a passive continen-
tal margin facing the evolving Neotethys to the north-east and
was involved in the subsequent orogenic processes related to
the closure of the Neotethys (Vukovski et al. 2023, 2024).

Structural relations in the research area are predominantly
the result of nappe stacking during the Early Cretaceous,
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Fig. 1. (a) Topographic map of Alps, Dinarides, and Pannonian Basin. (b) Simplified tectonic map of Schmid et al. (2020) showing major
tectonic units of the Dinarides, Alps, Carpathians, and Tisza. (¢) Detail from the figure 1b, modified according to Vukovski et al. (2024, 2026).
The investigated areas (marked with two black rectangles) occupy a position at the northernmost part of the Dinarides close to the tectonic units
of the Alps to the north, in the southwestern part of the Pannonian Basin (white outlines). ZMTDZ=Zagorje—Mid-Transdanubian Zone;

PFS=Periadriatic Fault System; MHFZ=Mid-Hungarian Fault Zone.

which was caused by the closing of the Neotethys, with nap-
pes composed of Adriatic margin successions and obducted
Neotethyan ophiolites (Vukovski et al. 2024). Tectonic escape
and its associated clockwise rotation in the Cenozoic related
to the evolution of the Pannonian Basin brought these units
from their original position, which was parallel to the struc-
tural trend of the Dinarides, into their present-day position
(Tomljenovi¢ et al. 2008; Marton et al. 2002).

Middle Triassic volcano-sedimentary successions of NW
Croatia

The Middle Triassic volcanic and pyroclastic lithologies of
northwestern Croatia are intercalated within pelagic sedimen-

tary successions ranging from the outer margin and upper
slope to open-marine deposits (Fig. 3; Gorican et al. 2005;
Slovenec et al. 2020, 2023a; Kuko¢ et al. 2023). Contact with
the underlying and overlying, predominantly dolomitic litho-
logies is largely covered; however, a gradual transition from
shallow-marine carbonate platform to basin is also recorded
(Gorican et al. 2005). Thin-bedded micritic or recrystallised
limestone, as well as red radiolarian chert are the dominant
sedimentary lithologies in these successions. Limestone is
often laminated and contains thin-shelled bivalves (filaments),
calcified radiolarians and sponge spicules, and occasionally
ammonites (Gorican et al. 2005; Kukoc¢ et al. 2023). Coarse-
and fine-grained resedimented carbonate lithologies are pre-
sent locally. These lithologies contain shallow-marine carbonate
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material, including algae, benthic foraminifers and reef-buil-
ding fossils, as well as clasts of basalt and andesite—basalt in
a pelagic carbonate matrix (Gorican et al. 2005; Kukoc et al.
2023). An Illyrian-Fassanian age of these deposits has been
determined based on extracted conodont and radiolarian
assemblages (Gorican et al. 2005; Slovenec et al. 2020; Kuko¢
et al. 2023). Ammonites found in one locality indicate that
pelagic sedimentation began as early as the Pelsonian (Kukoc¢
et al. 2023).

Materials and analytical techniques

The research area includes 22 locations on the Ivanscica,
Strahinjs¢ica, and Desini¢ Gora Mts. in Croatia, as well as
Olimska Gora Mt. in Slovenia (Fig. 2a,b). In addition to point-
sampled volcanic and sedimentary (carbonate and siliciclas-
tic) rock samples, four geological columns were reconstructed
(Fig. 3), which were thoroughly analysed from lithostrati-
graphic and biostratigraphic perspectives, including facies
interpretation and determination of microfossil content (cono-
donts). Out of 237 collected volcanic rock samples from
surface outcrops, 185 samples were selected for petrographic
investigation. After microscopic selection, 34 representative
samples were chosen for further analytical procedures.

The mineral compositions of four representative lava sam-
ples (Supplementary Table S1) were analysed at the University
of Geneva’s Department of Earth Sciences using a JEOL JXA
8200 Superprobe equipped with five wavelength dispersive
spectrometers. Operating parameters included an accelerating
voltage of 20 kV, a 15 nA beam current, and a defocused beam
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of ~10 um. Counting times of 30 s on the peak and 15 s in
the background on both sides of the peak were used for all
elements, except for Na and K, which were measured for 20 s
and 10 s on the peak and background, respectively, due to their
high mobility under an electron beam. For this reason, Na and
K were also measured first. Limits of detection (LOD) were
calculated as the minimum concentration required to produce
count rates three times higher than the square root of the back-
ground (35; 99 wt. % degree of confidence at the lowest detec-
tion limit). Concentrations below the LOD are reported as
undetected. Raw data were corrected for matrix effects using
the opZ method by Armstrong (1991). Natural minerals,
oxides (corundum, spinel, hematite and rutile) and silicates
(albite, orthoclase, anorthite and wollastonite) were used as
standard for calibration. Mineral formulas were calculated
using the software package MINPET written by Linda R.
Richard (Gatineau, Québec, Canada). Thirty-one representa-
tive lava samples were selected for the bulk-rock chemical
analysis (Supplementary Table S2). Bulk-rock powders were
obtained from rock chips free of veins/amygdales and analy-
sed by XRF for major elements, and ICP-MS for trace ele-
ments at Texas Tech University’s Department of Geosciences.
Accuracy and precision were assessed using the USGS
BHVO-2 analytical glass standards (Jochum 2005; for details
see Segvi¢ et al. 2023b). Major and trace elements concentra-
tions were measured with accuracy and precision better than
+1 % and £5 %, respectively. It is 3¢ at 10 times detection
limit. Detection limits were as follows: TiO,, MnO=0.001
wt.%; SiO,, Al,0,, Fe,0,, MgO, Ca0, Na,0, K,0, P,0,=0.01
wt.%; Lu=0.002 ppm; Eu=0.005 ppm; Ta, Pr, Sm, Gd, Ho,
Er, Yb, U=0.01 ppm; Th, La, Ce, Nd, Tm=0.05 ppm; Cs,
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Hf=0.1 ppm; Nb=0.2 ppm; Y=0.5 ppm; Sc, Rb, Zr=1 ppm;
Sr=2 ppm; Ba=3 ppm; V, Pb=5 ppm; Cr, Ni=20 ppm.
The quality of the measurements was checked by replicating
the analysis on ~12 % of the samples.

Neodymium and strontium isotope compositions of twelve
bulk rock lava samples (Supplementary Table S3) were mea-
sured at the Noble Gas Laboratory Pacific Centre for Isotopic
and Geochemical Research, University of British Columbia
using a Triton Plus mass spectrometer. Normalising ratios
of *Nd/"*Nd=0.7219 and *Sr/**Sr=0.1194 were assumed.
The average JNd-i standard run at '*Nd/"*Nd=0.512079
+0.000008 (n=22, 2c). The data is reported relative to the
recommended value of "Nd/'*Nd=0.512115 (Tanaka et al.
2000). The BCR-2 USGS standard runat '*Nd/"*“Nd=0.512642
+0.000008, within error identical to the reference value of
SNA/"*Nd=0.512637+0.000012 (Weis et al. 2006). The ¥’Sr/*Sr
ratio for the NBS 987 Sr standard for the period of measure-
ment was 0.710242+0.000030 (n=92, 20). Total procedural
blanks were ~500 pg and ~150 pg for Sr and Nd, respec-
tively.

Plagioclase separates from andesite—basalt sample TSI-11
for ““Ar/*’Ar analysis was separated by electromagnetic sepa-
rator and standard heavy liquid techniques, and the less altered
crystals were hand picking under a stereomicroscope. The pla-
gioclase separates were wrapped in Al foil and stacked in an
irradiation capsule with similar-aged samples and neutron flux
monitors (Fish Canyon Tuff sanidine), 28.201+0.046 Myr
(Kuiper et al. 2008). Samples were irradiated at the McMaster
Nuclear Reactor and analysed at the Noble Gas Laboratory
Pacific Centre for Isotopic and Geochemical Research, Uni-
versity of British Columbia. The mineral separates were step-
heated at incrementally higher powers in the defocused beam
of a 10W CO, laser (New Wave Research MIR10) until fused.
The gas exolved from each step was analysed by a VG5400
mass spectrometer equipped with an ion-counting electron
multiplier. All measurements are corrected for total system
blank, mass spectrometer sensitivity, mass discrimination,
radioactive decay during and subsequent to irradiation, as well
as interfering Ar from atmospheric contamination and the
irradiation of Ca, Cl and K (Isotope production ratios:
(*°Ar/*?Ar),,=0.0302+£0.00006, (*’Ar/*’Ar).,=1416.4+0.5,
(**Ar/?’Ar),,=0.3952+0.0004, Ca/K=1.83+£0.01(*’Ar../*’Ary)).
Initial data entry and calculations were carried out using the
software ArArCalc (Koppers 2002). The plateau and isochron
ages were calculated using ISOPLOT ver. 3.09 (Ludwig
2003). Errors are quoted at the 26 (95 % confidence) level and
are propagated from all sources except mass spectrometer sen-
sitivity and age of the flux monitor. The data are shown in
Supplementary Table S4.

Conodont analyses were carried out on 5 carbonate samples
(Supplementary Table S5) with an average weight of 2 kg at
the Geological Survey of Slovenia. Standard laboratory tech-
niques with the use of diluted acetic acid (ca. 7-10 %) were
utilised. Fossil collecting was performed manually under a ste-
reoscopic microscope. All samples proved to be positive for
conodonts, and one sample (IZ-18) also yielded fish remains.
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Results
Sedimentary lithologies and biostratigraphy

Three new successions were studied, namely Ivanecka
Zeleznica I and 11 and Preputnica (Fig. 3). The dominant sedi-
mentary lithology in these successions is thin-bedded micritic
limestone, often horizontally laminated and occasionally con-
taining filaments. This limestone is recrystallised in places.
Lithoclastic limestones (sensu Fliigel 2010), which occasio-
nally contain ooids, are present in all of the studied succes-
sions. Clast-supported, as well as matrix-supported breccias
containing resedimented shallow-marine material and clasts
of basalt are present (Fig. 3). When present, the matrix of these
breccias is composed of lime mud and sometimes contains
fine-ash sized vitroclastic particles. Fragments of micritic
limestone are also occasionally observed within some of the
investigated lavas, displaying thin, recrystalised rims only on
rare occasions, thus indicating thermal contacts at the interface
with the host magma. Chert and shale are present only in the
Preputnica section. Mafic volcanic rocks are dominant (Figs. 3
and 4a—c), while beds of basic pyroclastic rocks represented
by fine- to coarse-sized ash tuffs are found locally (Fig. 3).

The biostratigraphic dating of conodont faunas follow the
data according to Chen et al. (2015) and Kolar-Jurkovsek &
Jurkovsek (2019), although several more recent works were
also taken into account. The colour of the conodont elements
is black or grey and corresponds to a CAI (Colour Alteration
Index) value of 5 or 6 (Epstein et al. 1977; Rejebija et al.
1987), which indicates a low degree of ocean floor metamor-
phism (Winkler 1979; Gawlick et al. 1994). The preservation
of the found conodonts is moderate to poor; the specimens in
sample 1Z-18 are also altered (deformed) and indicate a meta-
morphic process (Harris et al. 1987). The recovered conodont
assemblages are characterised by the elements belonging to
five genera. The list of determined taxa includes: Buduro-
vignathus sp., Cratognathodus multihamatus (Huckriede),
Gladigondolella tethydis (Huckriede), Gladigondolella sp.,
Neogondolella constricta (Mosher and Clark), Paragondolella
alpina (Kozur and Mostler), P. eotrammeri (Krystyn), P. aff.
eotrammeri, P. excelsa Mosher, P. cf. excelsa, P. aff. hanbu-
logi Sudar and Budurov, P. trammeri (Kozur), P. trammeri
and Paragondolella sp. (Fig. 5; Supplementary Table S5).
P hanbulogi was originally described from the uppermost
Pelsonian (Sudar & Budurov 1979) and has been extensively
reported from the Anisian sediments across the Dinarides
(Kolar-Jurkovsek 1983; Sudar 1986; Sudar et al. 2013, 2023;
Mrdak et al. 2024). The species N. constricta, P. alpina,
P. eotrammeri and P. trammeri are well-known Anisian—
Ladinian taxa, and all of them appear as early as the Illyrian
(Chen et al. 2015). Additionally, the species P. excelsa is abun-
dantly represented in the Middle Triassic fauna, but it has
a slightly shorter stratigraphic range, i.e., from the upper Illy-
rian to the Fassanian. The most common species in the studied
samples is P. trammeri (Kozur), which was recognised in
two samples, however, it is questionable in the third sample.
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In the conodont zonation of Slovenia, P. trammeri zone ran-
ges from the upper Illyrian to the lower Fassanian (Kolar-
Jurkovsek & Jurkovsek 2019). Cratognathodus multihamatus
and Gladigondolella tethydis have limited stratigraphic impor-
tance due to a wider range. Both species range from the upper
Spathian or lower Anisian to the Carnian (Koike 1999; Chen
et al. 2015). According to Chen et al. (2015), the genus Crato-
gnathodus 1is synonymous to Gladigondolella. Budurovig-
nathus is a typical Ladinian taxon with rare representation in
the lowermost Carnian (Rigo et al. 2018; Kolar-Jurkovsek &
Jurkovsek 2019). The composition of the recovered conodont
assemblages allowed us to determine the Illyrian (sample
1Z-18), Upper Illyrian-Lower Fassanian (samples PR-67.50,

1Z 11-2.20), Ladinian (sample IZ I1-1.30), and Middle Triassic
ages of the samples. It should be noted here that Gladi-
gondolella, Paragondolella trammeri, and Budurovignathus
are all open-marine, pan-Tethyan taxa (Chen et al. 2015).

Petrography and mineral chemistry

The volcanic rocks of the investigated area are represented
by massive lavas with irregular to plate-like jointing (Fig. 4a, b),
occasionally by pillow lavas as well (Fig. 4c). The chemical
composition of the mineral phases is shown in Supplementary
Table S1. The studied lavas are dominated by a porphyritic to
glomeroporphyritic texture and massive structure (Fig. 4d—h),

Fig. 4. Representative field photographs of (a) massive lava of irregular jointing
(Mt. Ivanscica, NW Croatia), (b) massive lava with plate-like jointing (Mt. Olimska
Gora, E Slovenia and (c¢) pillow lavas (Mt. Ivans¢ica, NW Croatia). Thin section photo-
micrographs (crossed polarisers light view) of (d-h) porphyritic basaltic lavas and
(i) intersertal basalt from the IvanscCica, Strahinj$¢ica and Olimska Gora Mts. (j) Back-
scattered electron image of porfiric basaltic lava from the Mt. Ivans¢ica. Mineral abbre-
viations from Whitney & Evans (2010): Am=amphibole, Cal=calcite, Chl=chlorite,
Cpx=clinopyroxene, Kfs=K-feldspar, Pl=plagioclase, Spl=spinel, /g=volcanic glass.
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Fig. 5. Conodonts from the Ivans¢ica Mt. Column Preputnica: 1 — Paragondolella eotrammeri (Krystyn), sample PR-67.50; upper Illyrian—lower
Fassanian. 2 — Paragondolella trammeri (Kozur), sample PR-67.50; upper Illyrian—lower Fassanian. 3 — Neogondolella constricta (Mosher and
Clark), sample PR-67.50; upper Illyrian—lower Fassanian. Column Ivanetka Zeleznica II: 4 — Budurovignathus sp., sample 1Z 11-1.30; Ladinian.
5 — Cratognathodus multihamatus (Huckriede), sample 1Z 11-1.30; Ladinian. 6 — Paragondolella cf. excelsa Mosher, sample 1Z 11-1.30; Ladinian.
a — upper, b — lower, ¢ — lateral view. Scale: 200 microns. The illustrated conodont elements were photographed by the JEOL JSM 6490LV
Scanning Electron Microscope at the Geological Survey of Slovenia (GeoZS), where the recovered materials are stored, inventoried and
abbreviated GeoZS under the repository numbers 6326, 6333-6335, and 6338 in the micropaleontological collection.

while varieties with intersertal texture are occasional and visi-
ble only in the outer parts of the pillow (Fig. 4i). Phenocrysts
(modal composition 20-50 vol.%) consist of unaltered to
slightly albitised and sericitised subhedral to euhedral plate-
like, alkali feldspar (An, (Ab3 ,,0r,,,,) and plagioclase
(An, (,Ab,, ,Orl_, ), ranging in size from 0.5 to 5 mm (Fig. 4).
The main ferromagnesian mineral is subhedral to anhedral
clinopyroxene (up to 3 mm in size), whose composition cor-
responds to augite (W0, 44 ,EN57 5 45 sFS75 2,05 Fig. 4d,€) with
a wide range of Mg# (63-90) and AIY/AI' ratios (0.3-2.5).
Clinopyroxene crystals are characterised by normal zoning,
marked by a decrease in Mg# and Ca and an increase in Ti
toward the rims, while reverse zoning is rarely observed.
Spinel is a minor mineral phase (up to 0.5 mm in size) of
homogeneous composition corresponding to Al-rich chromite
(Fig. 6¢). Magnesium and Cr numbers of spinel group are
moderately high (Mg#=48, Cr#=52.7-56.6), as well as the
content of FeO (up to 33.76 wt.%). Accessory minerals
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include apatite, zircon, and titanite. The most abundant
secondary alteration phase is fine-grained, plate-like chlorite
(trioctahedral Mg-chlorite (clinochlore), according to Zane &
Weiss 1998; Fig. 6e). In contrast, Na—Ca amphibole (taramite;
Fig. 6d) is quite rare in the studied volcanic rocks. Other
phases are most commonly represented by bluish to greenish
needle-like to fine-grained aggregate pumpellyite-(Fe?")
(Fe0=9.39-20.10 wt.%, Fe#=55.6-87.9; Fig. 6f) and often
associated with needle-like to plate-like prehnite of stoichio-
metrically ideal composition (Supplementary Table S1). This
mineral association is typical of ocean floor metamorphism.
Secondary, fine-foliated muscovite, which is present in some
samples, show a uniform chemical composition (Al,0,=29.46—
31.15 wt.%, Na,0=1.19-1.67 wt.%, K,0=9.02-9.62 wt.%).
Accessory titanite (grothite; Deer et al. 2013) is characterised
by high Al and Fe (Supplementary Table S1). The micro-
hypocrystalline matrix of the studied lavas is composed of
partly devitrified volcanic glass, microlites of plagioclase, and
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alkali feldspars (Fig. 4d—i). Our petrographic observations are
consistent with the X-ray diffraction qualitative and quantita-
tive analysis of the rocks presented in Segvié et al. (2023a).
The predominant alteration products are albite, chlorite, and
quartz, while minor hydrothermal phases in some lava sam-
ples included amphibole, pumpellyite, prehnite, illite/smec-
tite, and ilmenite.

315

Bulk-rock chemistry

Supplementary Table S2 shows the chemical composition of
the analysed volcanic rocks. The silica and alkali contents
vary over a wide range, as do the concentrations of the majo-
rity of other major element oxides, except for TiO, (0.77-1.48
wt.%) and P,0O; (0.13-0.31 wt.%). The loss on ignition value
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Fig. 6. Classification diagrams for (a) feldspar (Ab—An-Or plot; Deer et al. 1992; Dana et al. 1993), (b) pyroxene (En—Wo-Fs (Mg,Si,0.—
Ca,Si,0,Fe,Si,0;) plot; Morimoto 1988), (¢) spinel (trivalent Cr—Al-Fe** ternary cation plot), (d) amphibole (AIlY—(Na+K)* plot; from
Leake et al. 1997 and Hawthorne et al. 2012), (e) chlorite [Mg-Fe—"/(Al+Cr+Fe’*") plot; Zane & Weiss 1998] and (f) pumpellyite (Fe, —Mg—Al

tot

plot; Coombs et al. 1976) from the Middle Triassic calc-alkaline basaltic rocks from the Mt. Ivans¢ica. Compositional fields for pumpellyite
from the East Taiwan Ophiolite basalts (zeolite facies), basalts from the Olympic Peninsula (prehnite—pumpellyite facies) and basalts from the
Taveyannaz Formation (upper prehnite—pumpellyite and pumpellyite—actinolite facies) are taken from Coombs et al. (1976) and Rahn et al.

(1994), respectively.
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(LOI) also varies over a wide range and is generally mode-
rately high (up to 5.9 wt.%). Therefore, we will carefully
assess the mobility of oxides of major elements, trace ele-
ments, and rare earth elements (REE) by testing them in varia-
tion plots in which their concentrations are plotted against Zr
content (Supplementary Fig. S1) as a differentiation index
(e.g., Pearce 1975). On the variation diagrams, the majority of
major element oxides and (to a lesser extent) the large ion
lithophile elements (LILE; Cs, Rb, Ba, Sr), as well as transi-
tion metals (V, Cr, Ni) do not show any correlation with the
differentiation index; therefore, they are not used for petroge-
netic considerations. In contrast, high field strength elements
(HFSE; Th, Nb, Ta, Hf, Y) and (to a lesser extent) REE and
MgO show a good correlation with the differentiation index
and thus can be considered suitable for further geochemical
and petrogenetic interpretation (as has been successfully
applied to similar rocks formed in different tectonic settings
(e.g., Pearce & Norry 1979; Beccaluva et al. 1983)).

On the classification diagram Nb/Y vs. Zr/TiO,*107* (Pearce
1996), analysed rocks fall in the field of sub-alkaline basalts,
while only one sample corresponds to basaltic andesite
(Fig. 7a). A wide range of moderately high Th/Yb (1.0-3.3)
and Ta/Yb (0.1-0.2) ratios indicates their calc-alkaline to
shoshonitic affinity (Fig. 7b). The studied lavas are characte-
rised by a wide range of Mg# (33-70), Cr (11-348 ppm) and
Zr (64174 ppm). High Zr contents reflect an abundance of
zircon.

In the primitive, mantle-normalised and multi-elemental
plots (Fig. 8a), all rocks show significant LILE (Cs, Ba, Rb, K)
and Th enrichment over a wide range from 7 to 600 times
relative to the primitive mantle and a generally moderately
inclined profile from La to Lu with decreasing abundance of
less-incompatible elements ranging from 4 to 9 times relative
to the primitive mantle. All samples show negative anomalies
of Nb—Ta pair relative to La [(Nb/La),=0.19-0.50], as well as
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of Ti [(Ti/Gd),=0.33-0.83] and variable positive Pb spikes
relative to Ce [(Pb/Ce),=1.50-5.26]. In contrast, Sr is charac-
terised by a dominant, negative anomaly, while only the sam-
ples with the lowest Zr content show a weak positive anomaly
[(St/Nd),=0.10-1.86].

The chondrite-normalised REE patterns (Fig. 8b) show sig-
nificant enrichment of light rare earth elements (LREE) over
heavy rare earth elements (HREE) [(La/Lu).,=3.01-7.39] at
29 to 84 times chondrite abundances, whereas the patterns of
HREE are nearly flat [(Tb/Lu).,=0.93—-1.69] at 8 to 23 times
relative to chondrite. A moderate negative Eu anomaly (Eu/
Eu*=0.62-0.92) was observed in all samples.

Neodymium and Sr isotope compositions of representative
basalts and andesite-basalt are shown in Supplementary
Table S3 and Figure 9. The *Nd/"*Nd ratios are quite homo-
geneous, ranging from 0.512544 to 0.512655, while *’Sr/**Sr
shows a wide range between 0.705633 and 0.720568. The ini-
tial &y, and initial isotopic ratios for Sr are calculated for
243 Ma, which is the crystallization age of the analysed rocks
(see below). The initial &, varies between —0.08 to +1.90,
while the initial 8’Sr/*Sr varies in a wide range from 0.704765
to 0.709248. The sample projection in the £y, vs. '’Sm/'"*“Nd
diagram (Fig. 9b), located in the zone between subducted juve-
nile material (SJM), subducted continental material (SCM),
and ocean island basalts (OIB) or depleted mantle (DM). This
specific composition of the continental lithosphere influenced
the composition of the magma and consequently the composi-
tion of the volcanic rocks that occur in the study area.

“ Ay Ar dating

The results of the “°Ar/*°Ar experiments on a plagioclase
separate from the andesite-basalt sample TSI-11 (Fig. 2a, loca-
tion 7) are reported in Supplementary Table S4 and Figure 10.
The heating steps 1-7 suggest an apparent age of 243+1.8 Ma.
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Fig. 7. (a) Nb/Y—Zr/TiO,*107* classification diagram (Pearce 1996) and (b) Ta/Yb-Th/Yb discrimination diagram (Miiller et al. 1992) for
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On the geological time scale (Ogg et al. 2016; Gradstein et al.
2020), this age corresponds to the Middle Triassic (Late
Anisian; Pelsonian—Illyrian) and is interpreted as the age of
basalt eruption. This age is very similar to the isotopic ages
of high-K calc-alkaline basaltic lavas of Kuna Gora Mt.
(241.1£5.2 Ma; Slovenec & Segvié 2021) and basic pyroclas-
tic rocks of the central part of Ivans¢ica Mt. (244.5+2.8 Myr;
Smirci¢ et al. 2024). Each of these isotopic ages of lavas and

Fig. 9. (a) Initial "“Nd/'"**Nd-*’St/*Sr isotope ratios diagram for
the Ivanscica and Strahinjs¢ica Mts. Middle Triassic calc-alkaline
basaltic rocks showing the main oceanic mantle reservoirs of Zindler
& Hart (1986). DM =depleted mantle, BSE=bulk silicate Earth, EMI
and EMI Il=enriched mantle, HIMU=mantle with high U/Pb ratio,
PREMA=PREvalent MAntle composition. Data for mid-ocean ridge
basalts — MORB compiled from Wilson (1989) and references therein
and Cousens et al. (1994), references therein and Peate et al. (1997).
Data for oceanic island arcs and active continental margins — IAB
compiled from Wilson (1989) and references therein, Cousens et al.
(1994) and references therein, Pearce et al. (1995) and Peate et al.
(1997). The field for *’Sr/*Sr values affected by syn- or post-mag-
matic alteration in contact with seawater (light-green shading) is from
Ustaszewski et al. (2009). (b) "'Sm/"**Nd-gy,, isotope ratios dia-
gram for the Middle Triassic calc-alkaline basaltic rocks from the
Ivanséica and Strahinj$¢ica Mts. Hypothetical mantle sources: DM=
depleted mantle (not refractory), VDM =very depleted mantle (refrac-
tory), SIM=subducted juvenile material (subducted oceanic crust;
slab with little pelagic sediment), SCM=subducted continental mate-
rial and BE=bulk earth. The observed compositions and hypothetical
end members sources calculated for the Middle Triassic following
Swinden et al. (1990). Fields for Kuna Gora Mt. calc-alkaline ande-
site-basalt (Slovenec & Segvi¢ 2021) are plotted for comparison.

<

pyroclastics, along with the paleontological ages of sediments
interstratified with them, indicate short (~3—4 Ma) effusive
volcanic activity in the NCTRB during the Middle Triassic
(Bithynian—Fassanian).

Discussion

Brief lithostratigraphic interpretation of volcano-sedimen-
tary successions

The Middle Triassic volcano-sedimentary successions of
northwestern Croatia were interpreted as deposited in a tecto-
nically active environment with deposition controlled by
intense tectonics and volcanism (Gorican et al. 2005; Slovenec
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et al. 2020, 2023a; Kuko¢ et al. 2023; SmirCi¢ et al. 2024).
Rift-related extension, which led to the opening of the Neo-
tethys Ocean in the Middle Triassic (Kuko¢ et al. 2024;
Slovenec & Segvi¢ 2024 and references therein), created
a complex topography of grabens and half-grabens in which
pelagic sediments and volcaniclastic detritus accumulated.
Rapid deepening along steep normal faults resulted in the
redeposition of material from lateral areas with still active,
shallow-marine carbonate production (Gorican et al. 2005;
Kukoc¢ et al. 2023). These steep normal faults also likely
served as conduits for basaltic to andesite-basaltic magma to
reach the surface (Slovenec & Segvic’ 2021; Kuko¢ et al. 2023;
Smirc¢i¢ et al. 2024). At the same time, the rhyolitic “Pietra
Verde” tuffs were deposited in these environments as pyro-
clastic density currents and as air-fall deposits (Kukoc¢ et al.
2023; Slovenec et al. 2023a; Smir¢ic¢ et al. 2024). Such pyro-
clastic rocks were prone to reworking, redistribution, and
mixing with pelagic sediments (limestones or cherts). With the
main Neotethyan rift located further to the east, extension in
the research area ceased in the Ladinian, resulting in the infil-
ling of pelagic areas and the reestablishment of shallow-marine
carbonate sedimentation (Kukoc et al. 2023). The stratigraphic
position of volcanic and pyroclastic rocks within these succes-
sions (Fig. 3) indicates that the volcanic activity that produced
effusive basic/intermediate lithologies preceded explosive
volcanic eruptions which produced rhyolitic “Pietra Verde”
tuffs (Kukoc et al. 2023; Slovenec et al. 2023a), although
coeval bimodal volcanism has also been previously suggested
(Fig. 3; Smircic¢ et al. 2024).

Petrogenesis of volcanic rocks

The studied basaltic and andesite-basaltic rocks were
formed in submarine condition, as indicated by their appea-
rance in the form of pillow lavas (Fig. 4c). The primary crys-
tallisation sequence (spinel — clinopyroxene — plagioclase
— alkali feldspar + Fe—Ti oxides) of these lavas is typical for
basaltic and andesite—basaltic rocks. However, the presence
of secondary mineral phases (albite, chlorite, prehnite, pum-
pellyite and Na—Ca amphibole), devitrified volcanic glass (to
a lesser extent), as well as moderate chemical variation (mobi-
lisation) of the majority of oxides of major elements, LOI,
LILE, and some transition metals (Supplementary Fig. S1 and
Supplementary Table S1) in part of the samples indicate
post-magmatic alteration processes by which the lavas were
affected. In this sense, Na—Ca amphibole (taramite; Fig. 6d) is
formed by alteration of pyroxene with the introduction of Na
from plagioclase under conditions that correspond to a higher
stage of the greenschist facies during oceanic crust meta-
morphism, similar to metabasalts of the Rakovec Group
(SE Slovakia) in the Gemeric Unit (Faryad & Bernhardt 1996).
This could indicate an aborted recycled Paleotethys. However,
the formation of albite, followed by prehnite and pumpellyite
associated with the albitisation of plagioclase, which supplies
the Al required for their crystallisation (Deer et al. 2013), indi-
cates submarine deuteric alteration and subsequent low-grade
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Fig. 10. Results of the “*Ar/*Ar step heating experiment on separated
plagioclase crystals from sample TSI-11(Mt. Ivanscica).

metamorphism within the prehnite—pumpellyite facies. Some-
what lower alteration conditions are suggested by Mg-rich
chlorite (clinochlore; Fig. 6e), which is the dominant secon-
dary phase in the studied rocks. Chlorite geothermometry
yields temperatures between 120 °C and 200 °C (Cathelineau
1988; Jowet 1991; Inoue et al. 2018). These values likely
reflect the temperature of chlorite crystallisation during late
hydrothermal alteration (Vidal et al. 2005, 2016; Segvi¢ et al.
2023a) rather than the peak metamorphic conditions of the
assemblage, which are constrained by the occurrence of preh-
nite and pumpellyite. Evidence for locally, higher-tempera-
ture, seafloor hydrothermal alteration is provided by devitrified
volcanic glass preserved within the micro-hypocrystalline
matrix (e.g., Tillick et al. 2001; Wang et al. 2018). Post-
depositional alteration processes most likely influenced the
variability of silica content as well, whose high concentrations
(Supplementary Table S2) have no clear footing in the petro-
graphic observations, but suggest its mobility.

Dominant normal zoning, with rarely observed reverse
zoning of primary clinopyroxene crystals, may indicate the
dominance of a closed crystallisation system compatible with
calc-alkaline magmatic series. The maximum crystallisation
temperatures and pressures of the clinopyroxene, which are
in equilibrium in the rock (Fig. 4j), range from 1023 °C to
1090 °C and 0.3 to 0.5 GPa (according to the Chicchi 2023
geothermobarometer; cpx-only) and 1050 °C to 1085 °C
(according to the Neave & Putirka 2017 geothermobarometer;
cpx-liquid pairs), with estimated pressures ranging from 0.3 to
0.6 GPa. Slightly higher equilibration pressures of clinopyro-
xene, ranging from 0.4 to 0.9 (+0.2) GPa, are indicated by
the geobarometers based on the findings of Nimis (1999)
and Nimis & Ulmer (1998). These conditions correspond to
a magma storage depth of approximately 33 km.

Careful and detailed analysis of HFSE and REE (Supple-
mentary Fig. S1 and Supplementary Table S2) showed that
these elements remained immobile, i.e., that they retained the
primary magmatic features. Therefore, petrogenetic considera-
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tions are based on the distribution of HFSE and REE, as well
as their discrimination ratios and Nd isotopic data. The genesis
of the studied calc-alkaline/shoshonitic lavas can be linked to
the contamination of subduction-generated magma by litho-
spheric mantle melts or mantle sources that were enriched by
subduction-related crustal melts. This is indicated by Th and
LREE enrichments (Fig. 8a,b) while the negative anomalies
of Nb-Ta pair relative to La [(Nb/La),=0.19-0.50; Fig. 8a],
reflect partial melting of a depleted mantle source (the supra-
subduction mantle wedge). Low Sm/La (0.22-0.33), together
with high Th/La (0.19-0.49) typical of subduction-related
melts, likely derived from crustal material (Fig. 11). The nega-
tive Ti anomaly [(Ti/Gd),=0.33-0.83] in all samples may also
suggest the influence of a depleted mantle, i.e. the generation
of magma by melting of a (subduction-modified) metasoma-
tised mantle (e.g., Pearce et al. 1984; Hofmann 1997), while in
samples where magnetite is registered, it may also indicate its
fractionation. However, the chemical composition of volcanic
rocks may also be a consequence of the specific composition
of the subcontinental lithosphere (Hooper et al. 1995). The low
Exqq Vvalues (between —0.08 and +1.90), which is slightly
above those for the Bulk Silicate Earth, and low '¥’Sm/"Nd
ratios (<0.152061; Supplementary Table S3) (Fig. 9a,b), as
well as positive Pb spikes (up to 5.3; Fig. 8a), indicate a low
influence of subducted continental crust in the genesis of the
investigated basaltic lavas. However, the sample projection in
the &y, vs. "’Sm/'*“Nd diagram (Fig. 9b), located in the zone
between subducted juvenile material (SJM), subducted conti-
nental material (SCM), and depleted mantle (DM) or ocean
island basalts (OIB), clearly suggests interaction and mixing
of magmas from multiple source regions. It can be assumed
that the dominant role was played by subducted juvenile mate-
rial (SJM), likely originating from the previous subducted
oceanic crust of the Paleotethys, which was then a somewhat
subordinate subducted continental material (SCM), i.e., sedi-
ments recycled in the mantle wedge, while the presence of
DM- or OIB-like mantle material was negligible (Fig. 9b).
This corresponds to the already commented/elaborated geo-
chemical features shown in Figs. 7 and 10. At the same time,
although the analysed samples show a wide range of initial
7Sr/%Sr ratios (Fig. 9a), the majority still have mantle-array
characteristics, while high values in some samples indicate
ocean-floor hydrothermal metamorphism, i.e., significant sea-
water alteration (e.g., Bach et al. 2003).

The possible mantle sources of the studied Middle Triassic
lavas and the degree of partial melting can be investigated
using the petrogenetic model based on the Dy/Yb vs. Yb rela-
tionship (Fig. 12). Only samples with the highest Mg# and
MgO content (Mg#=70.4-56.3; MgO=8.45-6.25 wt.%) were
used for modeling, presenting either a primitive or near-primi-
tive composition of the melt. According to this partial melting
model, the analysed rocks plot along a melting curve repre-
senting a spinel mantle source region, and the degree of partial
melting ranges from 5 % to 14 %. This wide range of spinel
source partial melting degrees reflects a relatively shallow
mantle source region. This is also supported by the absence of

319

0.6
‘ ‘ ‘ ‘ ‘
L Assumed trends caused by: ]
| A - sediment/crust component |
B - mantle enrichment
E | © ]
Q 04 i
o
g L i
o ucc
& | - —
© A
—I [ B )
E 0.2 | GLOSS o i
[ | 1
Lcc PM
ol EMORB | nore
i DMM 1
0 \ \ ‘ \
0 0.5 1.0 1.5 2.0

Sm / La (ppm/ppm)

Fig. 11. Th/La—Sm/La diagram for the Middle Triassic calc-alkaline
Olimska Gora Mts. (from Plank 2005). Abbreviations: [N-MORB=
normal mid-ocean ridge basalts; E-MORB=enriched MORB; OIB=
ocean island basalts; PM=primitive mantle (Sun & McDonough
1989)]; [UCC=upper continental crust; LCC=lower continental crust
(Taylor & McLenann 1985)]; GLOSS=global subduction sediment
(Plank & Langmuir 1998); DMM=depleted MORB mantle (Workman
& Hart 2005).

5 T L
100% spinel
. 4% -
6251
41 A .
ol
=y
L 2| ,
81
Sl
~ 3|3 4
€ 2| 80sp:20g1t
& I g 1%
= I 845uth 1
Q
> 2+ 0% -
20% 60sp:40grt
Wh e 1%
L Yo 10% ,
1 20:%\\-\‘—\
10% 7,,100% garnet
\ @ - Middle Triassic andesitefbasalts from Mt. Kuna Gora (ZMTDZ) \
0 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1
1 2 3 4 5 6

Dy / Yb (ppm/ppm)

Fig. 12. Yb-Dy/Yb diagram for the most primitive Middle Triassic
Desini¢ Gora, and Olimska Gora Mts. Partial melting curves are
shown for the non-modal batch melting of spinel and garnet lherzolite
sources, starting from a Primitive Mantle (PM; McDonough & Frey
1989) material. Mineral and melt modes for spinel and garnet—lher-
zolite source: Oly 39,10 T OPXy 20,27+ CPXo 170,50 T SPoos(0.15) (Kinzler
1997) and Ol 605y + OPXo210020 T CPXopsn30 t Gloanas (Walter
1998), respectively. Italic numbers in parentheses indicate the per-
centages of each mineral entering the liquid. Partition coefficients are
from McKenzie & O’Nions (1991). Fields for Kuna Gora Mt. calc-
alkaline andesite-basalt (Slovenec & Segvié 2021) are plotted for
comparison.

GEOLOGICA CARPATHICA, 2026, 77, 4, 307-329


https://geologicacarpathica.com/data/files/supplements/GC-77-4-Slovenec_TableS3.docx

320

HREE depletation (Yb.>10), which indicates the absence of
garnet in the source and melting at low pressure (Fig. 8b).

In addition to partial melting, the formation of the investi-
gated rocks involved fractional crystallisation [(La/Lu).y=
3.01-7.39] after segregation from their source region. The frac-
tionation of key liquidus phases controlling the melt compo-
sition (plagioclase and alkali feldspar) is indicated by the
prominent negative anomalies of Eu (Fig. 8b), while clinopy-
roxene fractionation is reflected in the negative linear trend of
the Sc/YDb ratio with decreasing Mg# (Kamenetski et al. 2000;
Supplementary Fig. S2).

In conclusion, we suggest that the formation of the magmas
from which the studied Middle Triassic calc-alkaline/shosho-
nitic lavas are derived is the result of the process of partial
melting of metasomatised subcontinental lithospheric mantle
contaminated by components, most likely inherited from a pre-
viously subducted lithosphere and the process of subsequent
fractional crystallisation. The formation of these magmas
could have taken place at or near the mantle-crust transition
(in which the MASH process usually occurs) in the area above
subduction zones, as well as those below long-lived intraplate
volcanoes (Hildreth & Moorbath 1988), similar to the Middle
Triassic basalts of the nearby Kuna Gora Mountain (Figs. 9b
and 12; Slovenec & Segvi¢ 2021). Furthermore, the abun-
dance of post-magmatic secondary deuteric phases primarily
consists of chlorite and albite, along with minor amounts of
prehnite, pumpellyite, epidote, amphibole, mica, and interme-
diate swelling clays. This is consistent with ocean-floor hydro-
thermal metamorphism that impacted the active Neotethyan
continental margin (Alt & Teagle 2000; Segvi¢ et al. 2023a).
Based on the documented paragenetic assemblages, low to
medium degrees of metamorphism are inferred, extending from
prehnite—pumpellyite to lower greenschist facies conditions.

Tectonomagmatic and geodynamic significance

It is generally recognised that calc-alkaline volcanic rocks
are typical products of magmas generated at convergent
destructive plate margins, which are usually associated with
subduction zone settings, such as continental and island arcs
(e.g., Gill 1981), but their chemistry may also be a conse-
quence of the specific composition of the subcontinental
lithosphere (Hooper et al. 1995). However, due to the interac-
tion of different magma reservoirs, which are recycled within
the mantle wedge, magma genesis becomes highly complex,
leading to the formation of magmatic rocks with contrasting
petrological characteristics at convergent destructive plate mar-
gins (e.g., Pearce 1983; Arculus & Powell 1986; Hawkesworth
et al. 1991; Plank 2005). Given that the magma from which
the investigated volcanic rocks were derived had a complex
evolution, it is not straightforward to unravel the tectonomag-
matic provenance of the studied basalt suite. Key indicators
include: (a) negative anomalies in Nb—Ta and Ti (Fig. 8a) mainly
suggest partial melting of depleted mantle (Pearce 1982, 1983;
Arculus & Powel 1986; Hawkesworth et al. 1993; Wang et al.
2016), (b) enrichment in Th (Fig. 8a), (¢) downward patterns
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from LREE to HREE in the chondrite-normalised REE dia-
gram (Fig. 8b), as well as isotopic data (Fig. 9a,b), suggest
formation in a subduction-related environment associated
with an ensialic volcanic arc developed in an active continen-
tal margin setting. Supporting this are the projections of the
analysed rock in the discrimination diagrams Hf/3—Th-Nb/16,
Th,—Nb, and Th/Nb vs. La/Yb (Fig. 13a—c) within the oro-
genic field (convergent tectonic settings), which is typical of
a calc-alkaline volcanic arc or active continental margin-
related volcanic suites. However, these geochemical features,
which are most likely inherited from older (Hercynian),
arc-related lithologies associated with the Paleotethys subduc-
tion (Slovenec & Segvié¢ 2021) and reflect mantle metasoma-
tism related to an older (ancient) event of subduction, may
therefore not accurately define the tectonic context at the time
of the emplacement of the studied rocks. This is supported by
the chemistry of the primary magmatic ferromagnesian phase
(clinopyroxene) from the analysed basalt, which connects
their origin with the processes of continental crust rifting
(Fig. 13d).

Therefore, the geodynamic evolution of the investigated
Middle Triassic basaltic suite, which crops out in the moun-
tains of northwest Croatia and northeast Slovenia, in the nor-
thernmost segment of the Dinarides (Fig. l1a,b), could be
linked to: (i) a subduction geotectonic model coeval with
an active, ensialic volcanic arc, but also to (ii) a model of for-
mation in a rift-related environment. Bearing in mind the com-
plexity of the geotectonic setting of the investigated lavas, as
well as the absence of clear geological evidence, it is not pos-
sible to propose a definitive geodynamic model of their origin.
Therefore, we propose two alternative models based on diffe-
rent paleogeographic reconstructions to shed light on the ori-
gin of the studied rocks. The first model, which is based on the
paleogeographic reconstruction proposed by Stampfli & Borel
(2002, 2004) and Stampfli & Hochard (2009) (Fig. 14al)
favors the active northward subduction of the Paleotethyan
lithosphere beneath Laurasia (Eurasian Plate) during the Middle
Triassic, coupled with wet melting in the mantle wedge
(Fig. 14a2). The final closure of this ocean realm occurred in
the Late Triassic. According to this model, the investigated
calc-alkaline/shoshonitic continental arc-related volcanism of
the active continental margin is the result of active subduction
and associated partial melting of the sublithospheric mantle.
In this context, subduction events during the Late Paleozoic
(Pe-Piper 1998) played an important role in hydrating the sub-
continental lithospheric mantle. Consequently, active subduc-
tion could have released some fluids which thus lowered the
solidus of the mantle wedge, thereby permitting its melting.
The second model, which is based on a more recently pro-
posed paleogeographic reconstruction by van Hinsbergen et
al. (2020) and van Hinsbergen & Schouten (2021) (Fig. 14bl),
links the Middle Triassic opening of the Balkan Neotethys
Ocean during the early break-up of Pangea to a southwestward
subduction of the Balkan Paleotethyan lithosphere beneath
the northeastern Greater Adria—Dacia margin, followed by
the rollback of the Balkan Paleotethys slab (Fig. 14b2). Unlike
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the first model, this one excludes the influence, i.e., the effect
of active subduction during the formation of the investigated
calc-alkaline/shoshonitic basaltic suite due to the already sig-
nificant subducted plate retreat, i.e., a highly advanced slab
rollback process and favors extensional lithospheric events
associated with passive continental rifting along the mid-
Triassic margins of Greater Adria. In this regard, the rifting
area where volcanism was generated was already quite distant
from the trench at that time (Fig. 14b2). The formation of
calc-alkaline/shoshonitic basaltic suite in this context involved
rift-related: (i) partial melting of the heterogeneous subconti-
nental lithospheric mantle, where the isothermal relaxation
allowed the previously metasomatised sources to melt and (ii)
crustal contamination, i.e., recycling of the mantle source.

These metasomatised sources were contaminated by compo-
nents most likely inherited from earlier Hercynian subduction
events in the Late Paleozoic (sensu Saccani et al. 2015).
Ultimately, this effusive volcanism, as outlined through
both proposed geodynamic models, produced predominantly
submarine basaltic lava, which was ejected/erupted to the sur-
face along tectonically weakened zones of the crust (Fig. 14a2
and b2). On the surface, basaltic lavas were interstratified with
deep-sea siliciclastic and carbonate sediments (Fig. 3) during
the Middle Triassic (Middle Anisian—Early Ladinian), forming
a multiphase sequence within an intracontinental simple or
half-graben syn-rift basin — the Northwestern Croatian Triassic
Rift Basin (NCTRB; sensu Kukoc¢ et al. 2023; Fig. 14a2 and
b2). However, the development of the NCTRB, formed on
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Fig. 14. Middle Triassic paleogeographic reconstruction of the Mediterranean region at Anisian-Ladinian times (~240 Myr): (al) simplified
after Stampfli & Borel (2004) [Ad=Adria Plate s. str., Ap=Apulia s. str,, Bii=Biikk, Cn=Carnic-Julian, Hy=Hydra, Pl=Pelagonian,
sK=south-Karawanken fore arc, SI=Slavonia, SM=Serbo-Macedonian, TD=Trans-Danubian, Tz=Tisza, Vo=Vourinos (Pindos)] and the
second north Balkan subduction zone introduced by Neubauer et al. (2019) and Spahi¢ (2024); (b1) simplified and slightly modified after
van Hinsbergen et al. (2020) [Da=Dalmatian Nappe, Di=Drina-Ivanjica Nappe, Eb=East Bosnian-Durmitor Nappe, Hk=High karst, Jk=Jadar-
Kopaonik Nappe, Pk=Pre-Karst Nappe] with location of investigation area (marked with black arrow and red dot symbol). Schematic geody-
namic model (scale is approximate) for: (a2) interaction of active continental margin magmatic activity (subduction-related ensialic volcanic
arc magmatism) and roughly contemporaneous proto back-arc rifting [slightly modified from Slovenec & Segvié¢ 2024] according to Stampfli
& Borel (2004) paleogeographic reconstruction shown in al. (b2) Ensialic infant arc—back-arc rifting in the central part of the Mediterranean
region according to van Hinsbergen et al. (2020) paleogeographic reconstruction shown in bl. Abbreviations: NCTRB=Northwestern Croatian
Triassic Rift Basin; CAB=calc-alkaline and shoshonitic basalts, AB=alkaline basalts, OIB=ocean island basalts; | =mantle diapires, 2=ocea-
nic crust topped by radiolarian cherts, 3=partially melted, previously subducted oceanic lithosphere, 4=zone of partial melting and contami-
nation by continental crust, S=fluids from a previously subducted slab.

the edge of the Adria Plate (Greater Adria), resulted from pyroclastic rocks (Smirci¢ et al. 2024), but also rhyolitic lavas
the interplay of extensional processes, plate disintegration, and and pyroclastic material (Pietra Verde tuffs; Slovenec et al.
subsidence, and lasted for a remarkably short time (~3—4 Myr;  2023a). Although formed over a very short period, the vol-
Kukoc et al. 2023) until the Late Ladinian. Due to changes in  cano-sedimentary successions uncovered in the NCTRB are
regional geotectonic events during the Middle to Late Triassic, characterised by a thickness exceeding 100 m (Fig. 3; Kuko¢
this basin was soon closed and therefore could not develop et al. 2023), thereby indicating intense and highly productive
into an “classical” oceanic basin; instead, it formed as a locally ~ volcanic activity. With the closure of this basin, bimodal vol-
aborted back-arc rift system of the Paleotethys (Slovenec &  canic activity and the production of lava, as well as the asso-
Segvié 2024). The brief but highly intense bimodal effusive- ciated pyroclastics, gradually diminished and ultimately
explosive volcanic activity in the NCTRB, occurring over ceased by the Late Triassic.

several volcanic events (Fig. 3), included not only calc-alka- However, as early as the Late Anisian, there was a local pas-
line/shoshonitic basic dominant lavas and subordinate basic  sive upwelling of asthenospheric mantle, i.e., the uplift of
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a primitive mantle dome due to adiabatic decompression along
a system of subparallel faults (Slovenec et al. 2020), lateral to
the NCTRB toward the southern margin of Laurussia (Europe;
Fig. 14a2) and the Balkan Paleotethys Ocean (Fig. 14b2).
The result of these events was proto-back-arc rifting of the
intracontinental lithosphere behind the pericontinental, infant
volcanic arc (Fig. 14a2 and b2; Slovenec et al. 2011). This
rifting allowed melting of the primitive asthenospheric mantle
and the formation of the magma from which alkaline (OIB-
type) basaltic lavas free of crustal contamination were derived
(Slovenec & Segvié¢ 2024 and references therein). Although
contemporaneous with the studied calc-alkaline/shoshonitic
volcanic rocks from the NCTRB, these alkaline basaltic lavas
are not genetically related to them. Unlike the short-lived vol-
canic activity of the aborted NCTRB rift, magmatic activity in
the Maliak back-arc rift (Fig. 14a2) or Balkan Neotethys Rift
(Fig. 14b2) continued and progressed during the Late Triassic—
Middle Jurassic period, eventually leading to the initial drif-
ting and spreading of an ensialic back-arc basin (Slovenec
et al. 2010, 2011), forming the northwestern segment of the
Neotethyan oceanic system (see fig. 9 in Slovenec & Segvi¢
2024).

In geodynamic and petrogenetic terms, the investigated
Middle Triassic calc-alkaline/shoshonitic basic volcanic rock
series, located in the northernmost segment of the Dinarides
(Fig. 1a,b), can be correlated with equivalent rock suites in the
Dinarides (Bébien et al. 1978; Pami¢ 1984; Trubelja et al.
2004; Pami¢ & Balen 2005; Radulovi¢ et al. 2014; Smircic et
al. 2018, 2020; Slovenec et al. 2023b), the Hellenides and
Albanides (Pe-Piper & Panagos 1989; Pe-Piper & Mavronichi
1990; Capedri et al. 1997; Pe-Piper 1998; Monjoie et al. 2008;
Chiari et al. 2012), as well as those from the Southern Alps
and the Trans-Danubian region (Castellarin et al. 1980, 1988;
Obenholzner 1991; Bonadiman et al. 1994; Harangi et al.
1996; Lustrino et al. 2019; De Min et al. 2020). However, in
Bosnia-Herzegovina, Montenegro and Serbia, porphyrites and
andesites also appear frequently. They are commonly associa-
ted with porphyry keratophyres in which Zn—Pb mineraliza-
tion occurs (Brskovo, Suplja Stijena, Crnac). Their appearance
is not characteristically related to basalts, but to the beginning
of rifting during the Middle Triassic. In this sense, the studied
basic volcanic rocks from the NCTRB and equivalent rock
suites from the aforementioned surrounding areas were for-
med in a similar geotectonic setting, and are characterised by
a similar sequence of magma-genetic processes during their
formation.

Conclusions

* The Middle Triassic multiphase effusive volcanic activity,
accompanied by the sedimentation of shallow to deep marine
carbonates, fine-grained clastic sedimentary rocks, and
cherts, was deposited in an intracontinental simple or half-
graben syn-rift basin (the Northwestern Croatian Triassic
Rift Basin) located in the northernmost segment of the

Dinarides. This period of volcanic and sedimentary activity
was very brief, lasting approximately ~3—4 Myr (Middle
Anisian—Early Ladinian, i.e., Bithynian—Fassanian).

» Basic massive and pillow lavas are represented by calc-
alkaline/shoshonitic porphyritic/glomeroporphyritic basalt.

» The petrographic evidence indicates the following crystal-
lisation sequence: spinel (Al-chromite) — clinopyroxene
(augite; Wosg g 4y BNy 5 4 5FS75 5, 9) — plagioclase (Any, 36
Absy 6 06,016.05) — alkali-feldspar (Ang, s (A, 5 7, 015, 5 o74)
+ Fe-Ti oxides with approximately the same modal propor-
tion of high-temperature mafic ferromagnesian minerals
(i.e., clinopyroxene) and low-temperature felsic mineral
phases (i.e., feldspar).

* The microcrystalline matrix of the lavas consists of devitri-
fied glass and microlites of plagioclase/alkali feldspar.

 The alteration products of ocean-floor hydrothermal meta-
morphism, represented by a series of Mg-chlorite, prehnite,
Fe-pumpellyite and Na—Ca amphibole (taramite), define
conditions of very low to low-grade metamorphism (preh-
nite—pumpellyite to higher-grade greenschist facies).

» Basaltic to andesite-basaltic lavas were formed through:
(i) low-degree partial melting (514 %) of a shallow (spinel
stability facies; max. depth ~33 km and max. pressures
<0.9£0.2 GPa) magma source in the subcontinental litho-
spheric mantle and (ii) fractional crystallization in a par-
tially open magmatic system.

* The magma was generated by the mixing of: (i) melts from
the subducted slab — likely linked to the previously sub-
ducted oceanic crust of Paleotethys, (ii) less abundant pre-
viously subducted continental crustal material — sediments
recycled in the mantle wedge, and (iii) a negligible contribu-
tion from DM- or OIB-like mantle. Melts from subducted
slab and recycled sediments are most likely inherited from
an earlier (ancient) subducted lithosphere during Hercynian
subduction events (likely in the Late Paleozoic).

* The complex geodynamic evolution of the Middle Triassic
basaltic lavas archived in the NCTRB (locally aborted back-
arc rift systems of the Paleotethys), can be explained by two
alternative models: (i) the subduction of the Paleotethyan
lithosphere associated with an ensialic volcanic arc develo-
ped in an active continental margin setting, and (ii) the pro-
cesses of continental rifting along the mid-Triassic margins
of the Adria Plate, i.e., Greater Adria.

» The investigated basic calc-alkaline/shoshonitic volcanism
of the NCTRB is petrogenetically and geodynamically cor-
related with similar rock suites found in other parts of the
Dinarides, then in the Hellenides, and Albanides, as well as
those from the Southern Alps and the Trans-Danubian
region.
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