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ABSTRACT

Ophiolite mélanges of Mts. Kalnik and Ivanscica form the northern sector of the Kalnik Unit and represent the northeasternmost exposed tip of the Sava-
Vardar Suture Zone. Petrological, geochemical and isotopic characteristics of extrusive rock blocks incorporated in the mélanges, particularly of pillow basalt
altered to spilite, in association with radiolarian cherts, allow the rocks to be separated into five distinct groups. Each group has an age-marker based on the
radiolarian assemblage in the associated cherts and/or on isotope dating which, along with previously published data on the Kalnik Unit, provide detailed
analysis of the approximately 80 Ma long geodynamic evolution of the Repno Oceanic Domain - a part of the Meliata-Maliak ocean system. The rock groups
are: (1) Late Anisian alkali basalts [(La/Lu),, = 5.9-7.2; gyyr) = +2.96; Cpx-TiO, = 3-6wt%] related to a terminal phase of intracontinental rifting; (2) enriched
E-MORB-type basalts [(La/Lu),, = 2.4-2.8; eyyr, = +4.74; Cpx-TiO, = 2.1-2.9wt%] and depleted E-MORB-type basalts [(La/Lu)., ~ 1.5; &yyer) = +5.26; Cpx-
TiO, = 1.9-2.3wt%] which reflect successive proto-oceanic crust formed at the ridge during the early Ladinian and late Ladinian, respectively; (3) middle
Carnian T-MORB-type basalts [(La/Sm),, = 0.79-0.87; ey, = +6.63; Cpx-TiO, = 1.2-2.2wt%], representing crust from an evolved spreading center; (4) N-
MORB-type basalts [(La/Sm),, = 0.67-0.87; &yyr) = +6.58; Cpx-TiO, = 0.6-1.9wt%] with inherited supra-subduction signature that diminish from the Late
Carnian basalts [(Nb/La), = 0.81] to the Bajocian basalts [(Nb/La), = 1.1], and Middle Jurassic (Bathonian?) N-MORB-type basalts with recurrent subduction
related influence [Nb/La), = 0.72; (La/Sm), = 0.76; €y4y, = +6.23]; (5) late Bathonian medium-Ti [(Nb/La), = 0.24-0.72; ey, = +6.30; Cpx-TiO, = 0.6-
1.1wt%] to late Oxfordian low-Ti IAT-type basalts [(Nb/La), = 0.12-0.22; gy, = +6.31; Cpx-TiO, = 0.2-0.6wt%] which reflect melts derived from a metaso-

matized and successively depleted mantle wedge in an extensional proto-arc setting.

INTRODUCTION

Ancient oceanic lithosphere may be preserved on land in
large thrust sheets of relatively undisturbed and coherent
lithostratigraphy (ophiolite complexes) thrust onto tectono-
sedimentary units formed by a chaotic mixture of ophiolitic
rock fragments, of various ages and lithology, embedded in
a matrix during accretion, obduction and emplacement onto
a continental margin (ophiolite mélange). Many authors
maintain that ophiolites are mainly generated in suprasub-
duction settings, during intraoceanic subduction in the upper
oceanic plate above the sinking slab (e.g., Shervais, 2001).
Large and thick ophiolite thrust sheets record a geodynamic
history from the formation of a metamorphic sole to the ini-
tiation of an island arc. Since this evolution lasts around 10
Ma (Stern, 2004) they record a relatively short history of
oceanic crust generation. Thus, only the integrated study of
ophiolite thrust sheets and the associated mélanges sheds
light on the whole geodynamic evolution of an ancient
oceanic domain, from intracontinental rifting, to onset of
oceanization and ocean closure. Many integrated works sug-
gest that the Neotethyan oceanic lithosphere was generated
from (Early?) - Middle Triassic and continued to develop
during Jurassic time (e.g., Smith et al., 1975; Robertson and
Shallo, 2000; Robertson, 2002; Saccani et al., 2003; Bor-
tolotti et al., 2004; Saccani et al., 2010).

In suture zones ophiolite mélanges contain fragments of
mostly extrusive ophiolitic rocks of various sizes. Ophiolite
mélanges are supposed to form in an accretionary wedge in
front of a fore-arc, accordingly, they can receive magmatic
material from both (oceanic) sides of the arc. Onset of sub-
duction exposes progressively older oceanic crust to be
scraped off from the subducting slab and consequently the
mélange may incorporate older lithologies that were never
found in the associated ophiolite, and which in turn are key
rocks to trace the rest of the geodynamic history of an
oceanic realm. In many mélanges, portions of extrusive rock
sequences are the most abundant fragments. Among them,
various types of pillow lavas best magmatic indicators of a
geotectonic setting, associated with radiolarian cherts are
particularly important because radiolarite associations pro-
vide the opportunity to date magmatic evolution inferred, in
turn, from pillow basalt geochemistry. Excellent studies in
this respect have been performed by Saccani and Photiades
(2005) for the Albanide-Hellenide ophiolite mélanges; Gok-
ten and Floyd (2007), Gonctioglu et al. (2010) for the ophio-
lite belt of the Izmir-Ankara-Erzincan suture zone and Vish-
nevskaya et al. (2009) for the Dinaride-Vardar ophiolite
mélanges.

In the northeasternmost tip of the Sava-Vardar Suture
Zone (SVSZ) four ophiolite sectors are split into the south-
ern (Mts. Samoborska Gora and Medvednica) and northern
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segment (Mts. Ivanscica and Kalnik) and are integrated into
a single tectonostratigraphic unit, termed by Haas et al.
(2000) - the Kalnik Unit. All sectors lack overthrust ophio-
lite. The Kalnik Unit recorded a trench history of Middle
Jurassic-Hauterivian age (Babic et al., 2002). Studies on the
southern mélange sectors (Slovenec and Lugovi¢, 2008;
2009; Slovenec et al., 2010) provide good evidence for the
initial and terminal stages of geodynamic evolution in the
Repno Oceanic Domain (ROD) to which the Kalnik Unit
belongs. The aim of this work was to extend research to the
northern segment with the intention of identifying new ex-
trusive lithologies which could help reconstruct the missing
period of initial ocean spreading, via mature ocean stage, to
the initiation of intraoceanic convergence. We studied the
Nd and Sr isotopic compositions and the geochemical and
petrological features of the extrusive blocks, in particular of
a pillow basalt-radiolarian chert association from the
mélange. Five different geochemical groups were recog-
nised and were dated either by K-Ar, or, most frequently,
indirectly by radiolarian assemblages in associated radiolari-
an cherts. Acquired results are supported by previously ob-
tained data for the southern mélange segment and allow to
reconstruct a liable geodynamic model for the entire ROD
as a discrete domain of the Meliata-Maliak oceanic system.

GENERAL GEOLOGICAL FRAMEWORK

Mts. Kalnik and Ivans€ica along with Mts. Medvednica
and Samoborska Gora represent triangular intra-Pannonian
innselbergs forming a junction between the Southeastern
Alps, the Tisia continental block and the Internal Dinarides
(Fig. 1A and 1B-C). These inselbergs are sheared between
two regional fault zones, the Zagreb-Zemplin lineament in
the south, and the Periadriatic-Balaton lineament in the
north, and form the southwestern tip of the Zagorje-Mid-
Trans-Danubian Zone (ZMTDZ; Fig. 1A) which extends
about 100 km wide and 400 km long to the northeast (Pamié
and Tomljenovi¢, 1998). The inselbergs are located at the
southwestern tip of ZMTDZ in the southern part of the
Alpine-Carpathian-Pannonian (ALCAPA) block of the In-
tra-Carpathian Area (ICA) (Harangi et al., 1996) and consist
of pre-Neogene heterogeneous, superimposed Dinaric and
Alpine tectonostratigraphic and tectonometamorphic units
of still debated origin (e.g., Pami¢ and Tomljenovi¢, 1998;
Tari and Pamié, 1998; Hass et al., 2000; Hass and Kovacs,
2001; Pami¢ 2002). Structural and paleomagnetic data indi-
cate that the pre-Neogene basement of the inselbergs experi-
enced large regional-scale tectonic transport from NW and
ca 130° CW rotation during Oligocene to early Miocene
(Tomljenovi¢ et al., 2008) which resulted in their recent
alignment almost perpendicular to the overall NW-SE Di-
naric structural trend. Given its similar tectonostratigraphic
evolution, Schmid et al. (2008) included the SW tip of the
ZMTDZ in the SVSZ.

The Mts. Kalnik and Ivansc¢ica ophiolite mélanges repre-
sent two separate northern sectors (Fig. 1B and 1C) and
along with the southern sectors of Mts. Medvednica
(Slovenec and Lugovié¢, 2009) and Samoborska Gora
(Slovenec et al., 2010) are assigned to a single tectonostrati-
graphic unit named the Kalnik Unit (Haas et al., 2000). This
Unit can be interpreted as the remains of an oceanic seg-
ment termed the ROD by Babi¢ et al. (2002). The ROD rep-
resents a cornerstone oceanic domain connecting the Var-
dar-Dinaridic ophiolites located to the SW and the Meliata-

Maliak ophiolites to the NE. The accretion age of the Kalnik
Unit based on matrix palynomorph assemblages is inferred
to be Middle Jurassic to Hauterivian (Babic¢ et al., 2002).

The surface geology of the Mts. Ivansc¢ica and Kalnik is
relatively simple and provides good tectono-stratigraphic
constraints. The oldest rocks are Middle-Late Triassic lime-
stones and dolomites from Mt. Ivans€ica. They are intersect-
ed by a series of calc-alkaline extrusives and associated py-
roclastic rocks which are interpreted as remnants of the late
Anisian-Ladinian European continental margin volcanic arc
(Gorican et al., 2005). The Middle-Late Triassic rock suc-
cession is in turn unconformably overlain by Late Jurassic
to Early-Cretaceous limestones (Fig. 1C). This sedimentary
succession of Mt. Ivans¢ica overthrust onto the ophiolite
mélange or shows fault contacts. On the contrary, Mt.
Kalnik completely lacks outcrops of Mesozoic carbonate
rocks (Fig. 1B) but the mountain central ridge consists of
Paleogene carbonate breccias which thrust over Neogene
sedimentary rocks (gimunié et al., 1981). Several tectonic
slices of mantle peridotites were exhumed along the moun-
tain ridge tectonic zone (Poljak, 1942). One of them is a few
meters large composite slice, consisting of serpentinized
lherzolite underlain by amphibolites (Lugovié¢ et al., 2007)
which are interpreted as a metamorphic sole and dated on an
amphibole separate to 118 Ma (Ignjati¢, 2007). Both
mélange sectors show either a tectonic-erosional unconfor-
mity against the youngest Neogene and Pleistocene sedi-
mentary rocks or are faulty interfaced whilst the northern
part of the Mt. Kalnik ophiolite mélange thrust onto the
Neogene-Pleistocene sedimentary succession (Fig. 1B and
10).

DESCRIPTION OF THE SAMPLED AREAS

The ophiolite mélanges of Mts. Kalnik and Ivan$¢ica
show similar structural features characterized by a block-in-
matrix fabric, typical of chaotic complexes from subduc-
tion-related tectonic mélanges (Festa et al., 2010). They
contain lithostratigraphically heterogeneous fragments of
Mesozoic rocks ranging in size from pebbles and slivers to
hectometer-kilometer large blocks embedded in a pervasive-
ly sheared continent-derived pelitic to siltitic matrix (Fig.
1B-C). Only two olistoliths from the Mt. Ivans¢ica mélange
are composite - albeit without a boundary between the two
rock types - all others in both mélanges are homogeneous.
Sampling was particularly concentrated to coherent blocks
composed of radiolarian cherts and extrusive rocks to
analyse the chemical changes of extrusive rocks during on-
going oceanization of the ROD. The blocks which were al-
ready well dated through radiolarian assemblages but lacked
geochemical data on the extrusive rocks were (re)analysed
and presented in this work. Five geochemically different
kinds of mafic extrusive rocks were recognized among the
fragments: Group 1 (within plate alkali basalts = WPAB),
Group 2 (enriched-mid-ocean ridge basalts = E-MORB),
Group 3 (transitional-mid-ocean ridge basalts = T-MORB),
Group 4 (very different varieties of essentially N-MORB-
type (normal-mid-ocean ridge basalts), and Group 5 (island-
arc tholeiites = IAT) as defined in the geochemistry section.

The Mt. Kalnik ophiolite mélange contains abundant
clasts of ophiolitic rocks, mainly extrusives, (Vrkljan, 1989;
Vrkljan and Vragovié¢, 1991; Vrkljan, 1992; Pamié, 1997;
Halamié, 1998; Vrkljan and Garasi¢, 2004), and subordinate
fragments of sedimentary rocks (greywackes, minor shales,
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Fig. 1 - (A) Geotectonic sketch map of the Alps, Dinarides and Hellenides showing the position of the Sava-Vardar suture zone (after Pamié, 2000). Legend:
1- External units (External Dinarides and Alps); 2- Internal units [Passive continental margin, Central Dinaride Ophiolite Belt (CDOB), Mirdita Zone]; 3- Sa-
va-Vardar Zone; 4- Serbo-Macedonian Massif; 5- Pelagonides; 6- Golija Zone; 7- Zagorje-Mid-Transdanubian Zone; 8- Panonian Basin. Faults: BL- Balaton;
DF- Drava; PL- Periadriatic; SF- Sava; SP- Scutari-Pe¢; SN- Sava Nape; VF- Vardar; ZZ- Zagreb-Zemplin. Mountains: I- Ivans¢ica; K- Kalnik; Ko-
Kopaonik; Md- Medvednica; SG- Samoborska Gora; SD- Szarvask-Darnd; Bii- Biikk. B- Bodva valley; JK- Jaklovce. Simplified geological map of: (B) Mt.
Kalnik and (C) Mt. Ivanitica (modified after Simunic et al., 1982 and Halami¢, 1998). Legend: 1- Neogene and Pleistocene sedimentary rocks; 2- Jurassic-
Cretaceous limestones; 3- ophiolite mélange with blocks of: 3a- basalt, 3b- gabbro, 3c- tectonite peridotite and Triassic-Jurassic radiolarites, sandstones and
shales (not separated on the maps); 4- Triassic limestones and dolomites; 5- reverse or thrust faults; 6- normal faults; 7- discordance line, tectonic-erosion dis-
cordance; 8- sample location (Mt. Kalnik: 1 = vsk-215; 2 = vsk-214; 3 = vsk-211; 4 = ja-1, ja-2, ja-4; 5 = vsk-207, vsk-207a; 6 = vsk-24,h-23; 7 =h-5; 8 = h-
26, h-27, vsk-240; 9 = h-33; 10 = vsk-221; 11 = vsk-222; 12 = vsk-223; 13 = vsk-224; 14 = vsk-234; 15 = vsk-238; 16 = vsk-235; 17 = vhk-236; 18 = vhk-23;
19 = vsk-18; 20 = vhk-15; 21 = vhk-11; 22 = vhk-47; 23 = vhk-6; 24 = kb-6, kb-7; 25 = vhk-463; 26 = ke-2, ke-15; 27 = vsk-210; 28 = ka-7; 29 = vsk-208; 30

=k-1; Mt. IvansCica: 1 = vsi-13; 2 = pu-2; 3 = vsi-6/1, vsi-6/5, vsi-6/7; 4 = be-2; 5 = ib-2; 6 = ib-3; 7 = vsi-8/4; 8 = vsi-1; 9 = vsi-9; 10 = vsi-10; 11 = vsi-12;
12 = vsi-11; 13 = go-9, go-12, goi-2, got-6, gtc-1, gtc-2); 9- picture break; 10- quarry.

reddish and greyish cherts, scarce limestones) (gimunié et
al., 1982) along with minor blocks of non-ophiolitic extru-
sive rocks which have not been previously reported.

The oldest documented fragments in the Mt. Kalnik
mélange are represented by the coherent olistolith of Group
1 pillow lavas at the top of massive lavas of the same group
(Fig. 1B, location 21; NW from V. gpica). The latter ones
show a K-Ar bulk rock Middle Triassic (Illirian, 235.8 Ma)
age. These alkali extrusives were not found in the Mt.
Ivanscica ophiolite mélange.

A slightly younger age, late Fassanian-early Langobar-
dian, was determined by Gorican et al. (2005) for radiolari-
an cherts interbedded with massive basalt flows at Hrastov
Brijeg (Fig 1B, location 5). Our analyses reveal Group 2 (E-
MORB-type) geochemical signatures for these massive
basalts. Similar E-MORB-type compositions are also found
in the lower level of the Hruskovec quarry (Fig. 1B, location

6). However, some blocks of these E-MORB-type extrusive
rocks consist of peperites and peperitic hyaloclastites in a
very altered sedimentary matrix (Palinka$ et al., 2008). An
upper level of the quarry (Fig 1B, location 7) exposes a lay-
er of approximately 2 m thick late Ladinian (Langobardian)
radiolarian cherts on top of the pillow lava complex
(Gorican et al., 2005) which shows depleted E-MORB-type
characteristics.

About 4 km east of the Hruskovec quarry, at the Kestenik
locality (Fig 1B, location 26) a hectometer-large block com-
posed of radiolarian chert layers crops out between the un-
derlying pillow lavas and overlying massive lavas. Chert ra-
diolarian biostratigraphy revealed a middle-late Carnian age
(Halami¢ and Gori¢an, 1995; Gorican et al., 2005); both
types of the associated Group 3 lava flows have transitional
E-MORB/N-MORB geochemical signatures (termed T-
MORB-type).
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In the abandoned quarry at the Jazvina Stream (Fig 1B,
location 4), about 1.5 km WSW of the Hruskovec quarry,
dark red cherts directly overlain by pillow lavas gave a lat-
est Carnian-middle Norian radiolarian assemblage (Halamié
and Gorican, 1995; Gorican et al., 2005). The associated
Group 4 pillow lavas show compositions typical of N-
MORB.

An Early Jurassic age (Pliensbachian and Aalenian, 196-
179 Ma) was documented by bulk rock K-Ar data per-
formed on MORB-type gabbros and dolerites from uncer-
tain locations approximately 1 km south of the HruSkovec
quarry (Pamié, 1997).

The sheared horizon from the lower level in the
Hruskovec quarry, 3-4 m above location 6 (Fig. 1B) con-
tains meter-sized olistoliths of radiolarian cherts juxtaposed
to similar sized blocks of massive lava flows set in a siltitic
matrix (Fig 1B, location 8). The cherts contain a Middle
Jurassic (late Bajocian-Callovian) radiolarian fauna
(Gorican et al., 2005). K-Ar measurements performed on a
plagioclase separate from a Group 5 (medium-Ti basalt
IAT) block from this horizon yielded a similar Jurassic age
(Bathonian, 164.7 Ma).

The Mt. IvanscCica ophiolite mélange exclusively contains
blocks of Group 4 (N-MORB-type) and Group 5 (IAT-type)
compositions. Compared to its Mt. Kalnik counterpart, this
mélange contains more plutonic lithologies (Golub and
Vragovic¢, 1960; Golub and §iftar, 1965) and less radiolarian
cherts (Fig. 1C). Fragments of extrusive rocks are never
found in close association with cherts, making it difficult to
determine the ages of the different basalts. One hectometer
large block of low-Ti IAT-type pillow lava from an aban-
doned Gotalovec quarry (Fig 1C, location 13) yielded a
Middle Jurassic (late Oxfordian, 154.7 Ma) bulk rock K-Ar
age. Another block from the same location is composed of
Group 5 medium-Ti and low-Ti basalts. The largest block
from the Mt. Ivanscica ophiolite mélange situated at its SW
tip (Fig. 1C, location 3) is also composite and contains ex-
trusives of Group 4 and medium-Ti basaltic rocks of Group
5, respectively.

ANALYTICAL TECHNIQUES

Mineral chemistry analyses from 19 samples were per-
formed at the Mineralogical Institute, University of Heidel-
berg, Germany, using a CAMECA SX51 electron micro-
probe equipped with five wavelength-dispersive spectrome-
ters. Measurements were performed using accelerating volt-
age of 15 kV, beam current of 20 nA, beam size of ~ 1 ym
(for feldspars 10 ym) and 10s counting time for all ele-
ments. Natural minerals, oxides and silicates were used for
calibration. Raw data for all analyses were corrected for ma-
trix effects with the PAP algorithm (Pouchou and Pichoir
1984; 1985) implemented by CAMECA.

Bulk-rock powders for chemical analyses of 57 samples
were obtained from rock chips free of veins. Samples with
calcite-filled amygdals were dissolved in diluted HCI. The
samples were analysed by ICP for major elements, and ICP-
MS for all trace elements, at Actlab Laboratories in Ancast-
er, Canada. International mafic rocks were used as standards.
Major element and trace element concentrations were mea-
sured with accuracy better than 1% and 5%, respectively.

Isotopic analyses were done in CRPG in Vandoeuvre,
France, on a Triton Plus mass spectrometer. Normalizing
ratios of 3Sr/%Sr = 0.1194 and “°Nd/'**Nd = 0.7219 were

assumed. The¥”Sr/36Sr ratio for the NBS 987 Sr standard for
the period of measurement was 0.710242+0.000030 (20).
The '*3Nd/!'**Nd ratio for the La Jolla standard was
0.5118451+0.000010 (20). Total procedural blanks were
~ 500 pg and ~ 150 pg for Sr and Nd, respectively.

The K-Ar measurements were performed on two whole
rock samples and one plagioclase separate. Plagioclase was
separated by an electromagnetic separator and standard
heavy liquid techniques and purified by hand picking. The
K concentration and Ar isotope were determined by ICP and
isotope dilution procedure on noble gas mass spectrometry,
respectively. The analyses were performed at the Activation
Laboratories in Ancaster (Canada), using the method de-
scribed by Dalrymple and Lanphere (1969).

PETROGRAPHY AND MINERAL CHEMISTRY

Extrusive rocks from the Mts. Kalnik and Ivanscica ophio-
lite mélanges comprise pillow lavas and massive lavas of es-
sentially five geochemical groups: alkali WPB, E-MORB, T-
MORB, N-MORB and IAT, which are petrographically de-
scribed as Group 1, 2, 3,4 and 5, respectively. Despite severe
polyphase alteration, igneous textures are preserved in all sam-
ples. Textural features and mineral compositions of different
rocks groups may be apparently similar, but their differences
are best reflected by clinopyroxene and spinel chemistry.

Alkali extrusives of Group 1 from the Mt. Kalnik ophio-
lite mélange are aphyric and show quenched textures typical
of a high cooling rate at the time of effusion. The lavas are
amygdaloidal with up to 30% calcite amygdals. Some rock
domains are characterized by spinifex to variolitic microtex-
tures formed by intergrown abundant sheaf- or plumose-tex-
tured dark pink clinopyroxene and acicular plagioclase with
thin glass infillings. Accessory spinel (Mg# = 44.7-65.0,
Cr# = 0.37-041; TiO, = 1.31-2.67wt%) is a primary phase
in all these basalts, occasionally coexisting with Al- and Cr-
rich Ti-magnetite (4.7wt% TiO,, 2.2wt% Al,O;, 1.6Wt%
Cr,0,). Plagioclase is always altered to albite (Ang,,s)
and/or peristerite (Ang,gg¢) and very seldom to Al-rich
pumpellyite. Clinopyroxenes are fresh or slightly altered to
clinochlore-penninitic chlorite. Interstitial glass is devitri-
fied to an aggregate of chlorite, calcite, hematite, prehnite,
pumpellyite and titanite.

Tholeiitic extrusives of Groups 2-4 from the Mts.
Kalnik and Ivan$¢ica ophiolite mélanges occur as pillow
and massive lavas, the latter being more abundant. They
show similar mineral paragenesis of plagioclase, clinopy-
roxene, spinel, Ti-magnetite (1.3-6.5wt% TiO,, 0.13-
1.1wt% Al,O; for Groups 2 and 3) and accessory apatite.
N-MORB-type basalt of Group 4, sample vhk-15 (Fig. 1B;
location 20) is a mineralogical exception that includes
olivine phenocrysts enclosing spinel pseudomorphosed by
diabantitic chlorite. Pillow lavas are fine- to very fine-
grained aphyric to slightly plagioclase-clinopyroxene-
phyric with ophitic to intergranular groundmass and show
an outer chilled zone with porphyric plumose-variolitic to
intersertal hypocrystalline texture. Calcite and/or chlorite
filled amygdaloidal pillow lavas are common. Massive
lavas are mostly aphyric to clinopyroxene-glomerophyric
and show fine- to medium-grained holocrystalline inter-
granular texture. Petrographical evidence in basalts of
Group 4 suggests the following order of crystallization: +
(spinel — olivine —) plagioclase — plagioclase + clinopy-
roxene + Ti-magnetite (4.5-8.8wt% TiO,, 0.6-0.9wt% Al,O,).



Clinopyroxene is systematically changed from pink in
Group 2 through light pink in Group 3 to light brown or
colorless in Group 4, suggesting significant differences in
the mineral chemistry (see below). The change in clinopy-
roxene chemistry is also systematically followed by
change in composition of the related spinel. Spinels hosted
in basalts of Group 2 (E-MORB-type) show narrow com-
positional variation in terms of Mg# and Cr# (72.0-74.8
and 0.31-0.35, respectively), whereas TiO, contents vary
significantly from 0.37-0.47wt% to 0.28-0.32wt% in the
depleted rocks of the group. Groundmass spinels in basalts
from Group 3 (T-MORB-type) contain the highest TiO, of
all tholeiitic rocks (1.28-1.47wt%) and display a more en-
riched composition compared to the spinel assemblage in
the N-MORB-type basalts of Group 4 (Mg# = 55.7-57.5,
Cr# = 0.42-0.43 vs Mg# = 71.7-73.0, Cr# = 0.27-0.29;
TiO, = 0.34-0.44wt%). In Group 3 basalts plagioclase is
completely altered to albite. Relic plagioclase in Group 2 re-
veals an overall measured composition range of Ang,, 3, .
Plagioclase from Group 4 may be either continuously nor-
mally zoned, with core to rim compositions ranging from
Ang;, to Ansg; either reverse zoned (Anyg, to Ans, ). The
former compositional range resembles an entire composi-
tional span of measured plagioclases. The primary assem-
blage is mostly altered to a suite of secondary minerals (al-
bite, sericite, calcite, prehnite, diabantite-brunsvigitic chlo-
rite, epidote, leucoxene, analcime and high-Al pumpel-
lyite) indicating hydrothermal alteration within the lower
greenschist facies allowing the rocks to be classified as
spilites.

Tholeiitic extrusives of Group 5 from Mts. Kalnik and
Ivanscica ophiolite mélanges also comprise pillow and mas-
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sive lavas and show similar mineral compositions as Group
2-4 but different crystallization order: + spinel (Mg# = 68.7-
70.3, Cr# = 0.29-0.30; TiO, = 0.36-0.41wt%) — clinopy-
roxene — plagioclase + Ti-magnetite (~5wt% TiO,, ~1wt%
Al,O;). The rocks are aphyric to slightly clinopyroxene-
phyric with holocrystalline intergranular groundmass. Col-
orless clinopyroxene is slightly altered to brunsvigite-dia-
bantitic chlorite. Plagioclase shows normal zoning with core
to rim compositions of An.,; and An,g, respectively, which
cover all measured plagioclase compositions of this geo-
chemical rock group.

Clinopyroxene chemistry

Selected clinopyroxene compositions are shown in Table
1 and plotted in the classification diagram of Fig. 2, as well
as in the discrimination diagram Fig. 3.

Dark pink clinopyroxenes from Group 1 basalts are
normally zoned and show Al-Fe-diopsidic composition
(W0yq5.501 Enys 130 8FS12.4.50) similar to clinopyroxenes from
analogous Mt. Medvednica alkali basalts (Fig. 2). High con-
tents of other-than-quadrilateral components (TiO, = 2.94-
5.98wt%; Al,0; = 547-8.72wt%) indicates a non-orogenic
alkali nature of the host rocks (Leterrier et al., 1982). They
are characterized by high Ti/Al ratio (0.36-0.49) which is fa-
vored by a high cooling rate of crystallization, magma chem-
istry and a cotectic spinel phase (Tracy and Robinson, 1977).
In the clinopyroxene geotectonic discrimination diagram they
plot beyond the relevant encountered fields, close to the TiO,
apex (Fig. 3A) while in the MnO-TiO,-Na,O discrimination
diagram after Nisbet and Pearce (1977) they plot in the field
of Within-plate alkali basalts (not shown).

40 /!

30¢
10 20 30 10 20 30
Ca,Si,0,(Wo)
X - Group 1 (WPAB) I - Diopside
W - Group 2 (E-MORB enriched) 11 - Hedenbergite
0O - Group 2 (E-MORB depleted) I - Augite
f-=Craups (TMORE) 1V - Pigeonite
&> - Group 4 (N-MORB) C!?’ A
@ -Group 5 (medium-Ti IAT) ¥ - Glinoenstatite
T O -Group 5 (low-Ti IAT) VI - Clinoferrosilite
Mg-rich 4 Mt. Medvednica:
augite T} W - Middle Jurassic SSZ N-MORB
, W - Middle Jurassic medium-Ti IAT
/ v \ - Middle Jurassic low-Ti IAT
/ VI VI i3 - Middle Triassic WPAB
Mg,Si.0, (En) Fe,Si,0, (Fs)

Fig. 2 - Plot of clinopyroxene compositions in the En-Wo-Fs (Mg,Si,0,-Ca,Si,04-Fe,Si,0,) diagram with the nomenclature fields of Morimoto (1988) for ex-
trusive rocks from the Mts. Kalnik and Ivan$cica ophiolite mélange. Fields of clinopyroxene compositions from basalts in the Mt. Medvednica ophiolite
mélange (Slovenec and Lugovié, 2009; Slovenec et al., 2010) plotted for correlation constraints.
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Fig. 3 - Discriminant diagram SiO,/100 - Na,O - TiO, (simplifed after Beccaluva et al., 1989) for clinopyroxene from the Mts. Kalnik and Ivans¢ica extrusive
rocks: (A) Groups 1-3, (B) Groups 4-5. BABB- back-arc basalts; BON- boninite; IAT- island-arc tholeiites; E-MORB- enriched mid-ocean ridge basalts; N-
MORB- normal mid-ocean ridge basalts. Fields of clinopyroxene compositions from basalts in the Mt. Medvednica ophiolite mélange (Slovenec and Lugovic,

2009; Slovenec et al., 2010) plotted for correlation constraints.

Clinopyroxenes from the tholeiitic Groups 2-5 host rocks
show normal discontinuous to oscillatory zoning with ho-
mogeneous core and decreasing AIV/AI'Y, Mg#, Cr and Ca
and increasing Ti to the grain periphery (Table 1). Only
clinopyroxene from Group 4 rocks may display reverse zon-
ing. Significant compositional variations of phenocrystic
versus matrix clinopyroxene of individual samples were not
measured.

In Group 2 basalts clinopyroxenes from enriched vari-
eties with composition Wo,s o 45 sENyg 440 4513505 lie in the
field of diopside while clinopyroxenes from depleted vari-
eties show composition Wo,, , 47 ,Enss, 39 Fsi55,0¢ and lie
on the boundary line between diopside and augite (Fig. 2).
The clinopyroxenes from enriched and depleted basalts ex-
hibit high TiO, contents (2.10-2.85wt% vs 1.89-2.32wt%)
resulting in their high Ti/Al ratios (0.21-0.35 vs 0.19-0.28).
The overall compositional characteristics of clinopyroxenes
from this host rock group are similar to clinopyroxenes from
E-MOR basalts (Beccaluva et al., 1989); in the clinopyrox-
ene discrimination diagram for ophiolitic basalts they plot in
the E-MORB field (Fig. 3A).

The clinopyroxenes from Group 3 rocks and some popu-
lations from Mt. Ivanscica Group 4 host basalts are augites
(W0378.442EN350.475F8 11 9.03.6 and W05 4y 90BNy 5 49 0FS ) 10445
respectively) and show a marked Fe-enrichment trend, very
similar to clinopyroxenes from suprasubduction zone (SSZ)
N-MORB from the Mt. Medvednica ophiolite mélange (Fig.
2). Clinopyroxene Mg# ranges from 65.5 to 84.7 without
systematic differences between the groups. Compared to
clinopyroxenes from the related Group 4 basalts from Mt.
Ivans€ica, those from Group 3 basalts have higher TiO,
(1.22-2.21wt% vs 0.57-1.88wt%), but similar Ti/Al ratios
(0.17-0.32 vs 0.11-31), suggesting a transitional chemistry
of the latter group. The clinopyroxene population hosted in
Group 4 basalts from the Mt. Kalnik ophiolite mélange
forms a separate trend and resembles augite-diopside compo-
sitions (Woy; .47 sEN3 5 30 6FS165.429)- These clinopyroxenes

show the highest TiO, and Al,O, contents (up to 2.84wt%
and 6.52wt%, respectively) of all clinopyroxenes from
Groups 3 and 4, suggesting that their host rocks may reflect
different geotectonic settings. Despite their compositional
diversity, all clinopyroxenes from Groups 3 and 4 basalts
show geochemical signatures comparable to the N-MORB
clinopyroxenes (Fig. 3 A-B).

Clinopyroxenes from Group 5 host basalts from Mt.
Ivans$cica are augites (W03, 545 0ENys 4.500FS7 5,156 Fig. 2)
and form a compositional span concordant to the clinopy-
roxene hosted in the analogous rocks from the Mt. Medved-
nica ophiolite mélange described by Slovenec and Lugovié
(2009). The TiO, contents of clinopyroxenes hosted in the
medium-Ti and low-Ti varieties may be significant (0.58-
1.14wt% vs 0.19-0.56wt%) due to the fact that similar
clinopyroxene Al,O, contents result in Ti/Al ratios of 0.10-
0.20 and 0.05-0.08, respectively. The Mg# of Ti-rich
clinopyroxenes (82.0-89.7) is significantly lower than in the
low-Ti clinopyroxene (83.8-92.8). In the discrimination dia-
gram in Fig. 3B the Mt. Ivanscica clinopyroxene population
of host rock Group 5 plots strictly in the field of IAT. The
lowest Mg# (63.9-75.6) is estimated for the augite-diopside
from Group 5 basalts in the Mt. Kalnik ophiolite mélange.
Their core TiO, content averages 1.30wt% and their Ti/Al
ratio is 0.16-0.32. They form a separate compositional trend
at distinctly higher Wo- and Fs-contents (Wo,, , 46 4Ens; 4.
38.6FS15.0.04.15 Fig. 2), which is similar to the trend of IAT
medium-Ti basalts from the Mt. Samoborska Gora ophiolite
mélange (Slovenec et al., 2010).

BULK ROCK CHEMISTRY

Chemical compositions of the analyzed rocks are shown
in Table 2. Nd and Sr isotopic compositions of eight sam-
ples representative of all geochemical groups are displayed
in Table 3.
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Table 2 - (continued)
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(medium-Ti) (low-Ti)
Sample vsk-18 *go-12 goi-2  wvsi-11  vsi-12  vsi-8/4 vsi-9 *vsi-6/1  *got-6 gte-2 gte-1 g0-9
Rock type MB MB MB MB MB MB MB MB PB MB MB MB
Location KAI19 IV13 IV13 V12 IV11 v7 V9 V3 IV13 IV13 IV13 V13
Si0; 4871 4956 4970 5029 4983 5043 4888 46,59 51.93 52.11 5331 5199
TiO, 1.28 0.85 0.92 1.02 1.18 1.27 1.30 1.30 0.69 0.73 0.76 0.71
ALO; 1540 1510 15.04 1493 14.81 1470 1496 13.79 1546 1545 1547 15.53
FexOsom 9.54  10.72 9.26 932 1121 11.43  10.01 10.94 8.46 8.75 8.87 8.55
MnO 0.18 0.16 0.38 0.21 0.18 0.18 0.14 0.13 0.14 0.15 0.18 0.13
MgO 7.19 6.53  10.46 7.22 6.84 6.39 6.90 6.08 5.74 6.36 6.30 5.81
CaO 0.37 779 3.43 8.45 8.05 7.32 9.60 13.74 7.93 8.55 5.01 7.98
Na,O 3.86 4.70 4.88 4.21 4.52 4.63 3.97 3.07 5.15 5.06 6.19 5.01
K,O 0.16 0.01 0.05 0.11 0.08 0.13 0.16 0.06 0.10 0.04 0.04 0.02
P,0s 0.10 0.10 0.10 0.13 0.16 0.17 0.14 0.14 0.09 0.08 0.08 0.08
LOI 3.82 4.06 5.88 4.03 3.11 3.75 3.89 3.97 3.79 296 3.29 4.11
Total 99.61 99.58 100.10 9992 9997 10040 9995 99.81 9848 10024 99.50 99.92
Mg# 61.6 56.4 69.9 58.8 52.6 53.2 57.7 54.6 594 61.8 61.6 59.7
Cs 0.3 0.1 0.6 0.3 0.2 0.2 0.1 0.1 0.3 0.2 0.5 0.4
Rb 2 1 1 1 2 3 3 1 1 1 1 1
Ba 22 57 172 105 91 96 27 34 84 94 75 80
Th 0.29 0.25 0.25 0.22 0.25 0.20 0.27 0.27 0.16 0.12 0.16 0.14
Ta 0.07 0.04 0.05 0.07 0.09 0.11 0.14 0.13 0.01 0.01 0.02 0.01
Nb 1.1 0.7 0.8 1.1 1.4 1.8 23 2.1 02 0.2 0.3 0.2
Sr 178 95 157 135 106 118 85 52 94 140 120 105
Zr 83 45 46 56 68 80 89 85 36 40 42 38
Hf 2.1 1.5 1.5 1.8 2.0 22 25 24 1.2 1.3 1.3 1.2
Y 24 22 22 24 26 29 31 30 17 19 20 18
Sc 37 35 33 34 35 35 43 39 37 34 33 35
A% 291 285 275 285 298 308 309 322 275 270 272 273
Cr 270 90 80 86 182 210 233 131 110 170 81 131
Ni 71 45 46 49 56 68 65 56 44 56 43 49
La 251 1.76 1.97 2.06 2.62 3.01 345 3.27 1.42 1.49 1.49 1.45
Ce 8.23 535 6.02 6.75 | 8.71 10.32 9.62 4.37 4.47 4.56 441
Pr 1.43 0.88 0.95 1.06 1.25 1.43 1.65 1.58 0.74 0.78 0.81 0.76
Nd 7.89 5.29 5.73 6.28 7.31 7.97 9.02 8.71 4.39 4.69 4.73 443
Sm 2.83 1.99 2.11 2.32 2.53 2.78 3.05 299 1.53 1.76 1.87 1.58
Eu 1.100 0.848 0873 0983 1.101 1.173 1.239  1.220 0.751 0724 0.724  0.741
Gd 3.84 2.87 2.89 3.26 3.69 3.92 4.26 4.12 2.29 249 2.74 2.35
Tb 0.68 0.56 0.57 0.62 0.68 0.72 0.77 0.75 0.44 0.48 0.52 0.46
Dy 4.19 3.69 3.68 3.95 438 4.67 5.07 3.19 3.05 3.20 3.43 3.11
Ho 0.90 0.76 0.78 0.89 0.94 1.02 1.08 1.05 0.63 0.71 0.76 0.67
Er 2.49 2.29 2.40 2.72 291 3.10 3.29 3.19 1.91 2.12 2.29 1.99
Tm 0384 0339 0357 0389 0421 0441 0468 0453  0.283 0307 0331 0.294
Yb 2.44 2.27 2.39 2.51 2.68 2.88 3.05 3.01 1.89 2.02 2.20 1.94
Lu 0343 0347 0352 0391 0412 0432 0461 0452 0.284 0321 0349 0.298

High LOI (2.48-6.62wt%), even after extraction of
amygdal calcite, is atypical for a primary dry paragenesis
and corroborates the petrographical evidence of severe alter-
ation of the samples. The relative mobility of elements was
proved by their measured concentration against Zr selected
as differentiation index (not shown). Large ion lithophile el-
ements (LILE) Cs, Rb, K, Ba and Sr show variable and se-
lective mobilization and are not suitable for petrogenetic
constraints whereas high field strength elements (HFSE) Ti,
Th, Hf, Nb, Ta, P, and Y as well as all REE retain igneous
inter-elemental ratios. Since the concentration of alkali ele-
ments is expected to be most affected by alteration, particu-
larly during spilitization, the diagram of Winchester and
Floyd (1977) that utilizes the ratios of immobile elements is
used to classify the rocks (Fig. 4). Our samples show similar

Zx/TiO, ratios (0.005-0.010) and due to the variable Nb/Y
ratios, they are spread in the fields of alkali to subalkaline
basalts. Alkali basalts (Group 1) have the highest Nb/Y ratio
(1.2-1.5). Subalkaline basalts may be discriminated in the
group with medium high Nb/Y ratios of 0.2-0.4 (Group 2),
which is typical for modern E-MORB (Sun and McDo-
nough, 1989) and for E-MORB from the Tethyan Ocean
crust (Saccani and Photiades, 2005, Aldanmaz et al., 2008;
Gonciioglu et al., 2010). Another cluster of subalkaline
basalts shows continuously decreasing Nb/Y ratios (0.02-
0.10) and through analysis of their spider diagrams and REE
patterns (see below) can be split into Group 3 (T-MORB), a
compositional spectrum of N-MOR basalts (Group 4), and
IAT which, due to influence of subduction derived compo-
nents, has the lowest Nb/Y ratios (0.01-0.02; Group 5).
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Table 3 - Nd and Sr isotope data of basaltic rocks from the Mts. Kalnik (KA) and Ivans¢ica (IV) ophiolite mélange.

Sample Location Rock group 'SNdM™Nd* '"Sm/'*Nd 87Gr/868 endey D StA%Sr ¢ Time (t)*
kb-6 24, KA 1 WPAB 0.512701 (12) 0.13986 0.705220(12) +2.94 0.705133 236 Ma
vsk-207a 5,KA 2 enr. EEMORB  0.512849 (06) 0.17565 0.705182 (06) +4.74 0.704640 230 Ma
h-33 6,KA 2 dep. E-MORB  0.512900 (08) 0.19176 0.704889 (08) +5.26 0.704519 230 Ma
ke-2 26,KA 3 T-MORB 0.512977 (16) 0.19639 0.704277 (16) +6.63 0.703927 225 Ma
ja-2 4, KA 3 N-MORB 0.512999 (06) 0.21296 0.704182 (06) +6.58 0.703142 225 Ma
vsi-6/5 3,IV 4 SSZN-MORB 0.512961 (06) 0.20017 0.704277 (10) +6.23 0.703776 165 Ma
h-26 8, KA 5 medium-TiIAT 0.512981 (05) 0.21549 0.704254 (05) +6.30 0.704193 160 Ma
got-6 13,1V 5 low-Ti IAT 0.512976 (11) 0.21072 0.704274 (10)  +6.31 0.704211 155 Ma

Location number corresponds to the locations in Fig. 1B-C. Legend: WPAB = within-plate alkali basalts (Group 1), E-MORB
= enriched mid-ocean ridge basalts (Group 2), T-MORB = transitional mid-ocean ridge basalts (Group 3), N-MORB = normal
mid-ocean ridge basalts (Group 4), IAT = island-arc tholeiites (Group 5); enr. = enriched, dep. = depleted, SSZ = supra-
subduction zone. “Errors in brackets for Nd and St isotopic ratios are given at the 20-level. "'Sm/"**Nd calculated from the
ICP-MS concentrations of Sm and Nd following equation: '*’Sm/"**Nd = (Sm/Nd)*[0.53151+0.14252*"*Sm/"**Nd]. " Initial

Enaq calculated assuming Pcyur = 0.512638, (Sm/™*Nd)°cpur = 0.1966, and Agp, = 6.54%107% a™', € *’Sr/**Sr,) calculated

using ICP-MS Rb and Sr concentrations and assuming Agj, = 1.42%10™"" a7, *Coresponding time for the initial €yy and initial

isotopic ratios for Sr.

Fig. 4 - Nb - Zr/TiO,*10* classification dia-
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Group 1 (WPAB-type) contains seven samples of WPAB
exposed only within the Mt. Kalnik ophiolite mélanges
(Table 2). Due to severe alteration of the major elements ex-
cept for TiO, (1.58-2.42wt%) and P,05 (0.30-0.58wt%), the
alkaline signature of the rock is difficult to recognize. The
Mg# ranging from 77.3 to 45.7 may suggest a primitive to
slightly evolved composition. A Ti/V ratio of around 50 is
atypically low for WPAB, and it is similar to analogous
rocks from the Mt. Medvednica ophiolite mélange (Fig. 5);
the Mt. Samoborska Gora WPAB are apparently more prim-
itive. The normalized incompatible element abundance in
the spider diagram from Th to Lu is characterized by a

gram (Winchester and Floyd, 1977) for the
extrusive rocks from the Mts. Kalnik and
Ivanscica ophiolite mélange.

smooth pattern with slightly pronounced positive P and Ta-
Nb anomalies [e.g., (Nb/La), = 1.38-1.81] and continuously
decreasing abundance of the less incompatible elements. All
these signatures are fairly comparable with those of WPAB
from the East African rift zone (Fig. 6A1) and closely re-
semble patterns of ocean island basalts (OIB) (e.g., Sun and
McDonough, 1989). Selective mobilization of Cs, Ba, Rb, K
and Sr are due to devitrification of the glassy matrix and/or
to albitization. REE patterns of the analyzed rocks display
moderate LREE/HREE enrichment [(La/Lu),, = 5.9-7.2]
compared to the WPAB standard (Fig. 6B1), which is also
slightly lower than the enrichment of the Mt. Samoborska
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Fig. 5 - V - Ti/1000 discrimination diagram

(Shervais, 1982) for the extrusive rocks from

the Mts. Kalnik and Ivans$c¢ica ophiolite

mélange. IAT- island-arc tholeiites, MORB- 100

mid-ocean ridge basalts, BABB- back-arc

basin basalts, CAB- calc-alkaline basalts,

OIB- ocean-island basalts and AB- alkali

basalts. Fields for basalts from the Mts.
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- Middle Triassic Mt. Medvednica WPAB
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1 1

Medvednica and Samoborska Gora ophiolite 0
mélange (Slovenec and Lugovié¢, 2009; 0
Slovenec et al., 2010) plotted for correlation

constraints.

Gora alkali basalts (Slovenec et al., 2010). All analyzed al-
kali basalts, excluding sample vsk-234, have Lu, < 1 which
may indicate residual garnet in the source. In a Mt. Kalnik
alkali basalt, the initial €yyr—ys6 pa of +2.96 and (¥7Sr/*6Sr),
ratio of 0.705133 reveal the most depleted Nd-Sr isotopic
characteristics of the Kalnik Unit alkali basalts, which all
plot close to Bulk Silicate Earth (BSE; Fig. 7).

Group 2 (E-MORB-type) displays Ti/V ratios ranging
from 32 to 48 and spreads in the fields of recent MORB and
BABB (back-arc basin basalts) as two separate trends (Fig. 5).
One set of samples shows variation trends similar to alkali
basalts while another fits the trend of tholeiitic basalts at its
most enriched segment. Their normalized multielement con-
centration patterns are displayed in Fig. 6A2 where enriched
and depleted varieties are distinguished by overall lower con-
centrations of all immobile elements and a lower Ta-Nb
anomaly [(Nb/La), ] relative to La (1.19-1.35 vs 0.98-1.01) in
the latter. Relative enrichment of LILE and Sr in depleted ex-
trusive rocks are due to alteration and albitization, respective-
ly. The enriched rocks of Group 2 show smooth and parallel
REE normalized patterns with continuous LREE/HREE en-
richment [(La/Lu),, = 2.4-2.6] which is significantly higher
than in depleted samples [(La/Lu),, = 1.4-1.5] (Fig. 6B2). The
initial ey, and (3’Sr/%°Sr), calculated for an arbitrary age of 230
Ma range from +4.74 and 0.704640 to +5.26 and 0.704519 for
relatively enriched and depleted compositions, respectively.
Position of E-MORB-type basalts in the Nd-Sr initial ratios
diagram suggests a mantle source with isotopic characteristics
mixed between OIB- and N-MORB-type (Fig. 7).

Group 3 (T-MORB-type) and Group 4 (N-MORB-type)
basalts spread in the field of recent MORB and BABB but
are separated by different Ti/V ratios ranging from 31-40
and 23-33, respectively (Fig. 5).

5 10 15 20 25
Ti/ 1000

Group 3 basalts clearly show transitional geochemical
signature towards the E-MORB-type of Group 2. Transi-
tional chemistry of these basalts is also indicated in their
spider diagram (Fig. 6A3) by the slightly inclined profile
from Th to Lu [(Th/Lu), = 3.2-3.6] at a concentration level
of 1.8 to 2.9 times relative to N-MORB. The Mg# of these
transitional basalts ranges from 57.9 to 67.8 and is signifi-
cantly higher than in the analyzed N-MOR-type basalts
(50.4-67.0), arguing against their significant fractionation.
Group 3 basalts show an insignificant Ta-Nb negative
anomaly [(Nb/La), = 0.91-0.96] that is not uncommon in Di-
naric ophiolite MORB-type extrusives (Lugovic et al., 1991;
Trubelja et al., 1995); however the intensity of the anomaly
is fairly low when compared to all the analyzed ophiolitic
rocks. The transitional basalts display convex REE patterns
at 17-20 times relative to chondrite, and show slight
LREE/MREE depletion [(La/Sm)_, = 0.79-0.87] and
MREE/HREE enrichment [(Sm/Lu)_, = 1.24-1.40] (Fig.
6B3). The Eu anomaly of Group 3 basalts (Eu/Eu* = 0.93-
1.03) is typical for low accumulation or fractionation of pla-
gioclase. Nd-Sr isotopic signatures of T-MORB [€yy7-225 ma)
= +6.63; (¥Sr/3%Sr), = 0.703927] follow the depletion trend
of enriched non-mantle array sources reflected by rocks of
Groups 1 and 2 (Fig. 7).

The basalts of Group 4 reveal a broad variety of N-
MORB-type compositions by their multi-element abun-
dance patterns shown in their spider diagram (Fig. 6A3) and
REE patterns (Fig. 6B3) suggesting a high fractionation
span and/or successively different sources for magma gene-
sis. In the spider diagram all rocks of this group show an in-
consistent secondary LILE enrichment and a slightly flat
profile from La to Lu [(La/Lu), = 1.15-1.66] at a concentra-
tion level of 0.6 to 2.6 times relative to N-MORB, which is
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significantly lower compared to the related T-MORB-type
rocks. A slight to significantly pronounced HFSE anomaly
is obvious in all samples (Fig. 6A3). The anomaly is ex-
pressed as (Nb/La), in the representative late Carnian age-
marker (Fig.1B; sample ja-1, location 4) and Middle Juras-
sic SSZ basalt from the composite block (Fig.1C; sample
vsi-6/7, location 3) is 0.81 and 0.72, respectively. This may
suggest a continuous decrease of the subduction influence
due to onset of ocean spreading, as already indicated by the
Bajocian-Bathonian N-MORB-type basalts from the adja-
cent Mt. Medvednica ophiolite mélange (Slovenec et al.,
2009), and the subsequent re-establishment of the subduc-
tion related influence during intraoceanic convergence. The
REE patterns show similar profiles to the group of T-
MORB-type basalts but with very wide compositional varia-
tions which range 7-20 times relative to chondrite (Fig.
6B3). The basalts display a relatively low LREE depletion
(La/Sm)_, = 0.67-0.87) and a nearly flat HREE profile
[(Tb/Lu),, = 1.06-1.34]. Concerning Nd-Sr isotopic compo-
sitions, the N-MORB-type extrusives resemble the first
rocks of the Kalnik Unit magmatic succession with pure
mantle-array geochemical signatures (Fig. 7). Their Late
Triassic age-marker with €y, r_s v, = +6.58 and (*’Sr/*Sr);
= 0.703142 and Middle Jurassic age-marker showing
Ena(r=165 Moy = +0.231 (FS1/%Sr); = 0.703776 clearly reflect
re-fertilization of the mantle source for the latter, most like-
ly by subduction related fluids.

Group 5 (IAT-type basalts) displays Ti/V ratios ranging
from 15-17 in the low-Ti samples, to 18-26 in the medium-
Ti samples, and consequently form a continuous trend from
the IAT to MORB/BABB fields (Fig. 5). The SSZ lavas
with IAT affinity are successfully discriminated from the as-
sociated N-MORB-type lavas (which are ordinarily high-Ti)
on the basis of the TiO, content (Bortolotti et al., 2002).
Medium-Ti (0.7-1.3wt% TiO,) and low-Ti (0.29-0.76wt%
TiO,) IAT lavas may suggest formation at various stages in
a SSZ setting. (Serri, 1981; Beccaluva et al., 1983). In the

0.706
(*'Sr1*Sr),

spider diagram the rocks of this group show inconsistent
LILE enrichment and a flat pattern for the more incompati-
ble and immobile elements in the segment from La to Lu
which ranges from 0.8 to 1.5 times relative to N-MORB for
the medium-Ti basalts and 0.5-0.8 times for the low-Ti
basalts (Fig. 6A4) - consistent with their degree of deple-
tion. All rocks show a pronounced negative anomaly of HFS
elements, whose intensity significantly increases from medi-
um-Ti basalts [(Nb/La), = 0.24-0.72] to low-Ti basalts
[(Nb/La), = 0.12-0.22], suggesting more subduction related
signatures of the latter. These geochemical signatures are
widely accepted as typical of IAT that is, suprasubduction
basalts (e.g., Pearce, 1984; Weaver and Tarney, 1984). The
normalized REE patterns of the basalts show nearly flat
HREE profile [(Tb/Lu),, = 0.98-1.17] at 9-13 times relative
to chondrite for the medium-Ti group and 8-9 for low-Ti
group and various intensities of LREE depletion (Fig. 6B4).
The intensity of LREE depletion decreases from medium-Ti
basalts [(La/Sm)_, = 0.54-0.71] to low-Ti basalts [(La/Sm)_,
= 0.50-0.58] which also indicates the overall more depleted
nature of the low-Ti basalts. The initial €y 1= 160.155 ma) @0d
(¥7St/%Sr), for two IAT basalts are very consistent: +6.30-
6.31 and 0.704193-0.704211. Along with the Middle Juras-
sic SSZ N-MORB-type basalts from Group 4 associated
with the composite block, they provide evidence for the suc-
cessive enrichment of a joint source through subduction re-
lated components (Fig. 7).

K-Ar AGES

K-Ar isotopic analyses were performed on three basaltic
samples and the results are presented in Table 4. The calcu-
lated ages are interpreted as the ages of rock consolidation.
A bulk rock from an alkali WPB of Group 1 showed a con-
solidation age of 243-229 Ma, which in the geologic time
scale of Ogg (2004) corresponds to middle Anisian-late
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Table 4 - K-Ar plagioclase whole rock ages of extrusive rock from from the Mts. Kalnik (KA) and Ivans¢ica (IV) ophi-

olite mélange.

Sample Location Rock group K [%] *Ar(rad)  *°Ar(rad) Age
ccSTP/g [% ] Ma + 1c
vhk-11, wr 21, KA WPAB 1 0411 6.563x 107 14.44 2358t 7.1
h-26, pl 8, KA medium-Ti IAT 5 0.132 9.349x 107 43.61 164.7 £ 6.
got-6, wr 13,1V low-Ti IAT 5 0.139 8.481x 107 23.35 154.7 £ 8.

Location number corresponds to the locations in Fig. 1B-C.

Legend: WPAB = within-plate alkali basalts (Group 1); IAT = island-arc tholeiites (Group 5); pl = plagioclase separate; wr = bulk rock.

Ladinian. A plagioclase separate from an IAT-type medium-
Ti basalt of Group 5 yielded an age of 170-158 Ma, which
corresponds to early late Bajocian-middle Oxfordian, con-
sistent with the late Bajocian-Callovian age of radiolarian
fauna from associated cherts (Gorican et al., 2005); an IAT-
type low-Ti pillow basalt from Group 5 showed an age span
of 163-146 Ma which corresponds to middle Callovian-late
Tithonian.

DISCUSSION AND CONCLUSIONS

An ophiolite mélange reflects a polyphase history and
records a variety of tectono-sedimentary processes from de-
position in an accretionary wedge to onset of thrusting onto
a passive continental margin. Through deposition and subse-
quent thrusting various fragments of the oceanic basin unre-
lated in terms of time and setting may be juxtaposed in the
resulting mélange. Some lithologies found in an ophiolitic
mélange are not found in the sequence of the associated
ophiolite and therefore that is the only prove of their exis-
tence in the related oceanic segment. The Mts. Kalnik and
Ivans$cica ophiolite mélanges that form the unique northern
segment of the Kalnik Unit include juxtaposed basaltic frag-
ments of five distinct geochemical groups that show signifi-
cant inter-group geochemical variations. They are defined
as: Group 1 (non-orogenic alkali WP basalts of uniform
composition), Group 2 (various E-MORB-type basalts),
Group 3 (T-MORB-type basalts), Group 4 (a series of N-
MORB-type basalts) and, Group 5 (a series of IAT-type
basalts), which indicates the non-uniform origin of their
magma in different tectonic settings and ages of crystalliza-
tion. On the contrary, rare composite blocks composed of
N-MORB-type and IAT-type basalts reflect a relatively uni-
form origin and age of two different types of magmatism.
The Mt. Kalnik sector of the Kalnik Unit contains fragments
of all groups (Groups 1-3 are statistically most abundant)
while the Mt. Ivans€ica sector incorporates only ophiolitic
basalts from Groups 4 and 5, suggesting that the ophiolitic
mélange during accretion may be tectonically differentiated
into sectors at the onset of obduction.

Tectonomagmatic significance of Group 1 basalts
(WPAB-type)

Blocks of alkaline basaltic rocks in ophiolite mélanges
have been interpreted as remnants of OIB or seamounts built

in oceanic crust through intra-plate hot spot magmatism (Ro-
jay et al., 2001; 2004; Saccani and Photiades, 2005; Gokten
and Floyd, 2007; Monjoie et al., 2008). Alkali basalts related
to intracontinental rift volcanism (CRB) closely preceding
the formation of oceanic crust have a composition similar to
OIB (Fitton, 2007); such basalts from the eastern Mediter-
ranean Mesozoic mélanges are thought to represent within-
plate volcanism that took place during the onset of continen-
tal break-up before the initial oceanic crust formed (Bortolot-
ti et al., 2009; Koglin et al., 2009).

Alkali basalts from the Mt. Kalnik ophiolite mélanges
with (Th/Lu), ratios of 27-31 show a slightly depleted com-
position compared to the Mt. Medvednica analogues
[(Th/Lu), = 32-46; Slovenec et al., 2010], and are significant-
ly more depleted than the ordinary OIB and Mt. Samoborska
Gora alkali basalts (Fig. 8A). Several samples characterized
by the lowest relative abundance of HREE (Lu,, < 10) in Fig.
6B1 may reflect paragenetic garnet in the related mantle
source (Spath et al., 2001). Agrawal et al. (2008) succeeded
to discriminate OIB and CRB compositions by the multiele-
ment ratios discriminating function. All alkali basalts from
the Kalnik Unit plot in the field defined for CRB at an 85%
confidence level (Fig. 8D). Fairly similar and uniform com-
positions of Mts. Kalnik and Medvednica alkali basalts sug-
gest that they derived from a similar source which shows Nd-
Sm isotopic composition slightly more depleted than BSE
(Fig. 7). Assuming that all alkali basalts from the Kalnik Unit
shared the same or similar source, then a kind of partial melt
succession of alkali basalts from Mts. Samoborska Gora via
Medvednica to Kalnik may be inferred from the depletion
trend of Nd-Sm isotope compositions. This means that Mt.
Kalnik should reflect the youngest alkali basalt volcanism in
the ROD, albeit their isotopic ages (235.8+8 Ma) span from
middle Anisian to late Ladinian. This fact may support the
idea deduced from the rock geochemistry that these alkali
basalts are not ophiolitic rocks but represent instead intracon-
tinental rift magmatism. If this statement is correct, then
extensive lithospheric extension must have occurred, due to
upwelling of subcontinental asthenospheric mantle in the
ROD during the Middle Triassic. The low La/Ta ratio (9.5-
12.4) of the analyzed alkali basalts is typical for uncontami-
nated CRB (Hart et al., 1989), suggesting that the basalts
erupted through highly attenuated continental crust, probably
in the terminal stage of its extension.

The Mt. Kalnik alkali basalts correspond to the melts ex-
tracted from an OIB-type mantle source (Fig. 8A). Haase
and Devey (1996) proposed a model based on interelement
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S- subduction zone enrichment; C- crustal contamination; W- within-plate enrichment. N-MORB, E-MORB and OIB are from Sun and McDonough (1989).
T-MORB are from Geshi et al. (2007). Data for back-arc basin basalts (BABB) fields are from Pearce et al. (1984), Ewart et al. (1994) and Leat et al. (2000).
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and island-arc tholeiites (CAB, IAT); 1C- island-arc tholeiites (IAT); 2A- within-plate basalts (WPB); 2B- back-arc basin basalts (BABB); 3A- intercontinen-
tal rift alkali basalts (ICRAB); 3B- enriched MORB (E-MORB); 3C- weakly enriched MORB (E-MORB); 3D- normal mid-ocean ridge basalts (N-MORB).
(D) DF, - DF, diagram (Agrawal et al., 2008; DF, = 0.5533 log, (La/Th) + 0.2173 log, (Sm/Th) - 0.0969 log, (Yb/Th) + 2.0454 log, (Nb/Th) - 5.6305; DF, = -
2.4498 log, (La/Th) + 4.8562 log, (Sm/Th) - 2.1240 log, (Yb/Th) - 0.1567 log, (Nb/Th) + 0.94). IAB- island-arc basalts; OIB- ocean-island basalts; CRB-
continental rift basalts. Fields for basalts from the Mts. Medvednica and Samoborska Gora ophiolite mélange (Slovenec and Lugovi¢, 2009; Slovenec et al.,
2010) plotted for correlation constraints.
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ratios of REE which is useful to identify a mantle source for
different types of related magmas. From the (Dy/YDb), -
(Ce/YD), diagram it is evident that the analyzed basaltic
rocks from Groups 1-5 Mts. Ivans€ica and Kalnik represent
melts related to three different mantle sources (Fig. 9). The
analyzed alkali basalts from Mt. Kalnik derived from a pure
plume mantle source which experienced ~ 5-6% total partial
melting, slightly higher than that for the Mt. Medvednica
mantle source. The lowest intensity of partial melting of a
similar source (around 4%) is found in alkali basalts from
the Mt. Samoborska Gora ophiolite mélange.

Tectonomagmatic significance of Group 2 basalts
(E-MORB-type)

In the Mt. Kalnik ophiolite mélange distinct E-MORB-
type basalts were recognized, with both relatively enriched
and depleted compositions (Table 2, Fig. 8A-C). Enriched
E-MORB-types are primarily associated with pelagic cherts
of early Ladianian age, while depleted varieties are interlay-
ered with radiolarian chert of late Ladinian age. Since E-
MORB-type basalts coincide in age with the alkali basalts,
they most likely either erupted at the continental edge as the
last alkali volcanic rocks, or closely succeeded the eruption
of the alkali basalts which may reflect the initial succession
of oceanic protocrust formation.

E-MORB-type magmas are known from different ocean-
ic settings as well as from continental rift zones. For ophio-
lites, the initial E-MORB magma may be generated from
slightly enriched mantle sources or by low degree partial
melting of depleted N-MORB-type sub-oceanic mantle
sources (Saccani and Photiades, 2005; Bortolotti et al.,
2009). A Ta/Yb vs Th/Yb plot of Group 2 basalts indicate
that the enriched varieties are slightly more enriched com-
pared to the recent primitive E-MORB of Sun and McDo-
nough (1989) while the depleted varieties tend towards N-
MORB-type compositions (Fig. 8A). Isotopic compositions

of E-MORB-type basalts from the Kalnik Unit indicate an
enriched mantle source mixed with OIB and N-MORB-type
components (Fig 7) which suggest mixing and, also two
successive stages of partial melting and magma generation
at a spreading ridge activated during the proto-oceanic
stage. Relatively enriched E-MORB-type oceanic crust was
produced during the older (early Ladianian) magmatic stage,
and depleted E-MORB-type crust was generated during the
younger (late Ladinian) stage. The older stage basalts per-
fectly match the inferred melting curve for the mixed
plume/MORB mantle source of Haase and Devey (1996)
which experienced total partial melting of 9.3 to 11% (Fig.
9). However, the younger stage basalts reflect melts derived
from an already depleted mixed source which is significant-
ly influenced by MORB-source components. Alternatively,
enriched and depleted E-MORB-type basalts may share a
common mantle source, where the latter represent melts
produced by a higher degree of partial melting.

Tectonomagmatic significance of Group 3
(T-MORB-type) and Group 4 (N-MORB-type) basalts

The rocks of Group 3 are more depleted with respect to
E-MORB depleted varieties and generally show composi-
tions transitional to basalts of Group 4 (Fig. 6, 7 and 8);
therefore, they can be recognized as a distinct geochemical
group of rocks. Their age-markers reveal a middle Carnian
age of crystallization (Fig. 1B, location 26, samples ke-2
and ke-15) that closely precedes the late Carnian age of the
associated blocks of basalts from Group 4, which represent
the oldest documented N-MORB-type spreading ridge rocks
in the ROD. A modern T-MORB analogue from the East
Pacific Rise (EPR) may erupt close in time to the N-MORB
basalts along a single section of the ridge (Reynolds et al.,
1992,) as a consequence of variable OIB-type plume inter-
action with depleted suboceanic mantle (Haase, 2002). Ac-
cording to Geshi et al. (2007) the T-MORB lavas at the EPR

Fig. 9 - (Dy/Yb)y - (Ce/Yb)y diagram and
partial melting model (Haase and Devey,
1996) for mafic extrusive rocks from the Mts.
Kalnik and Ivani¢ica ophiolite mélange. The

melt model for accumulated batch melting us-
ing 1% melt steps. Kds and MORB source are
from McKenzie and O’Nions (1991). The
plume source has 2.2 ppm Ce, 0.55 ppm Dy
and 0.35 ppm Yb, the mixed source for en-

riched tholeiites has 1.7 ppm Ce. Melting
starts with residual garnet and continues in
the spinel lherzolite field. Fields for basalts
l from the Mts. Medvednica and Samoborska
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are formed by mixing of depleted N-MORB magmas with
enriched E-MORB magmas, which arrived to a joint shal-
low reservoir from discrete source regions where they
mixed before the eruption; otherwise the two discrete mag-
mas would crystallise in separate magma-types. The T-
MORB-type blocks from the Mt. Kalnik ophiolite mélange
show overall geochemical signatures which fit the EPR T-
MORB compositions as epitomized by their Zr/Nb ratios of
~ 27 and (La/Yb),. of 1.7-1.9. However, Mt. Kalnik T-
MORB-type basalts are slightly more LREE enriched (Fig.
6B3) consistently with their more primitive nature (Fig.
6A3, Fig. 8A) which is also seen through their slightly high-
er Sr isotope compositions compared to the EPR T-MORB
of Geshi et al. (2007). Our data suggest that the T-MORB-
type extrusives generated at the well established spreading
center via mixing of magmas derived from two sources, a
MORB source which dominates, and a mixed source (Fig.
9) which underwent an earlier extraction of E-MORB-type
melts. The very homogeneous chemical compositions of
Group 3 basalts indicate a short stage of T-MORB magma
production during the middle Carnian in the ROD. Low vol-
ume T-MORB lavas generated in a relatively short period
suggests a low degree of partial melting reflected in the
LREE enriched nature of these rocks (Fig. 6B3). In
mélanges from the Dinaride/Albanide-Hellenide ophiolite
belts analogous basalts are assumed to be related to melts
derived from a similar mantle type, as documented for mod-
ern oceanic equivalents (Pe-Piper, 1998).

Basalts of Group 4 are mostly represented as a chemo-
graphically homogeneous block in both northern sectors of
the Kalnik Unit (Fig. 1B-C). The age-marker of Group 4 (Fig.
1B, location 4; sample ja-1) yielded a Late Carnian age.
However, composite blocks including Group 4 and Group 5
extrusives, that is, N-MORB-type and IAT-type basalts, may
be very seldom encountered in the Mt. Ivanscica sector (Fig.
1C, location 3, samples vsi-6/5-7 and vsi-6/1, respectively).
In the southern sectors of the Kalnik Unit in the Mts.
Medvednica and Samoborska Gora, similar composite olis-
toliths are relatively abundant (Slovenec and Lugovi¢, 2009;
Slovenec et al., 2010) and are interpreted as remnants of up-
per plate (SSZ) magmatism during the late Bathonian to early
Oxfordian convergence (Slovenec and Lugovié, 2009).

Group 4 extrusives are essentially N-MORB-type basalts
and reflect a spectrum of compositions corresponding to the
degree of partial melting from a similar source and/or frac-
tionation of the extracted melts (Fig. 6A3 and 6B3). The
basalt suite of this group derives from a MORB-type mantle
source that experienced partial melting from 6 to 20% (Fig.
9). A slight to pronounced deficiency of HFSE in the N-
MORB-type basalts, illustrated by the Ta-Nb relative abun-
dance (Fig. 6A3) and their continuous shift to subduction re-
lated tholeiitic basalt compositions (Fig. 8A-C) suggest that
the initial mantle source must have been inherited by some
amount of subduction related components. The amount of
the inherited subduction component decreases from the late
Carnian N-MORB-type basalt [(Nb/La), = 0.81], related to
an already evolved spreading ridge, to the Bajocian-Bathon-
ian N-MORB-type extrusive from the Poljanica Creek in the
Mt. Medvednica ophiolite mélange [(Nb/La), ~ 1; Slovenec
and Lugovié¢, 2009] which represents magmatism at the
spreading ridge of an evolved ocean. This may suggest a
continuous decrease of the subduction influence due to on-
set of ocean spreading in the ROD. However, Early Jurassic
N-MORB-type volcanics in the Kalnik Unit are still waiting
to be found to confirm this statement. Nd-Sr isotopic com-
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positions of N-MORB-type age-markers differ greatly (Fig.
7). Late Carnian reper fits better to MORB composition
while Middle Jurassic marker refers better to BABB compo-
sition and plots in the field of SSZ extrusives of Mts.
Medvednica and Samoborska Gora (Fig. 7). The N-MORB-
type extrusive (sample vsi-6/7) associated with Middle
Jurassic IAT-type basalt (sample vsi-6/1) in a composite
block has a low (Nb/La), of 0.72, which suggests re-estab-
lishment of subduction components in the mantle source
material. The geochemical character of this basalt type (in
the tectonomagmatic sense) is best described as “MORB
with arc signatures” (Shervais, 2001). The latter type of vol-
canics from Group 4 correspond to N-MORB-type extru-
sives generated off the ridge. In the Mt. Medvednica ophio-
lite mélange they reflect magmatism related to a subducting
ridge as the incipient crust built into the upper plate
(Slovenec and Lugovi¢, 2009). It is important to stress that
Late Triassic N-MORB-type spreading ridge related vol-
canics, which also bear the MORB-with-arc signature char-
acteristics, and the homogeneous blocks of Middle Jurassic
SSZ-related N-MORB analogues may be distinguished only
by age and determination and isotopic composition.

From our data it appears that the production of N-MORB-
type oceanic crust in the ROD began in late Carnian. Based
on the simultaneous crystallization of T-MORB and N-
MORB rocks along modern ocean ridge segments (Geshi et
al., 2007) it is possible that N-MORB-type crust in the ROD
was already being generated during the Middle Carnian.

Tectonomagmatic significance of Group 5
(IAT-type) basalts

The extrusives of Group 5 are found in discrete blocks,
or occasionally in composite blocks along with N-MORB-
type volcanics, suggesting that magmatism with diverse
geochemical signatures may be contemporaneously occur-
ring at a single geotectonic setting. Such contrasting magma
association which includes N-MORB- and IAT-type rocks
is very common in ophiolite slices thrust over ophiolite
mélanges as seen in the Mirdita ophiolites in Albania (Bébi-
en et al., 2000; Hoeck et al., 2002; Bortolotti et al., 2002;
Dilek et al., 2007).

Group 5 basalts are split into two distinct groups, which
according to the TiO,-content classification scheme corre-
spond to medium-Ti and low-Ti sub-groups (Bortolotti et
al., 2002). The basaltic rocks display moderate to strong de-
pletion of all HFSE, particularly Ta-Nb (Fig. 6A4) which is
typical for SSZ magmatic rocks, due to the transfer of hy-
grophile elements from the subducting slab into the overly-
ing mantle wedge. In the diagrams which geochemically
discriminate rocks from various tectonic settings these
basalts plot exclusively in the field of IAT SSZ rocks (Fig
8A-C). Although the overall intensity of depletion is higher
in the low-Ti basalts compared to medium-Ti basalts (Fig.
6A4-B4), the relative element abundance of these rocks
suggests derivation from a similar mantle source during suc-
cessive stages of partial melting. Nd-Sr isotopic composi-
tions of IAT-type basalts from the Kalnik Unit indicate re-
fertilization of the mantle wedge with an isotopic signature
of the source that is transitional between E-MORB and T-
MORB (Fig. 7). The medium-Ti basalts derived from a
mantle region experienced 8 to ~ 20% total partial melting
while the low-Ti basalts derived from a mantle sector en-
dured > 20% partial melting (Fig. 9). The slight shift of
IAT-type rocks from the pure anhydrous MORB source
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melting curve toward a more enriched source indicates man-
tle wedge metasomatism by ascending fluids. The transi-
tional harzburgites from Gornje OreSje in Mt. Medvednica
with mineral compositions consistent with ~ 20% partial
melting (Lugovi¢ et al., 2007) may represent the mantle
residuum of these melts. The IAT-type basalts of Group 5
are LREE depleted which is atypical compared to modern
SSZ analogues. However, similar LREE depletion is report-
ed for IAT-type basalts from many Tethyan Mesozoic ophi-
olites (Serri, 1981; Beccaluva et al., 1983; Beccaluva and
Serri, 1988). These geochemical signatures suggest that the
mantle wedge source was extremely LREE depleted before
being metasomatized and therefore it was never capable of
producing LREE enriched melts.

Clinopyroxene composition as a tectonomagmatic
discriminatory tool

Clinopyroxene and oxide ores are magmatic phases pre-
served in most basaltic samples from the Kalnik Unit. Pla-
gioclase is by rare exceptions altered to albite + prehnite +
calcite which may redistribute diagnostic elements and dis-
turb the original composition of igneous rocks. Therefore,
clinopyroxene chemistry is utilized to characterize the origi-
nal tectonomagmatic settings of host basalts, particularly for
ophiolitic basalts (e.g., Beccaluva et al., 1989). Clinopyrox-
enes hosted in the alkali basalts are exclusively diopsides, in
E-MORB-type basalts have a diopside-augite composition,
while in T-MORB-type basalts they belong to augites that
form the smooth Fe-enrichment trend; the majority of N-
MORB-type and IAT-type clinopyroxenes are also augites,
showing a scattered trend of Fe-enrichment (Fig. 2). The N-
MORB-type with arc signatures - sample vhk-15 and IAT-
type sample h-26 from Mt. Kalnik - contain a diopside-
augite population that forms a separate trend of Fe-enrich-
ment at elevated Wo-content. These clinopyroxenes display
the most Ti-enriched compositions amongst clinopyroxenes
from rock Groups 4 and 5 (Table 1). Textural evidence
shows cotectic crystallization of spinel and clinopyroxene
(= olivine) followed by Ti-poor magnetite in the host rock,
which caused the high partition of Ti in cotectic, early crys-
tallized clinopyroxenes. The sample vhk-15, with a bulk
rock composition similar to N-MORB-type basalts with SSZ
signatures, contains reversely zoned clinopyroxene indica-
tive of the influx of hotter and more primitive melt to the
magma storage. This fact may extend to the entire Kalnik
Unit the statement that the basalts reflect an increased ther-
mal regime governing the incipient crust formation in the
obducted plate, as suggested for Mt. Samoborska Gora by
Slovenec et al. (2010). Clinopyroxenes from alkali basalts,
both the E-MORB-type and T-MORB-type plotted in Fig.
3A and N-MORB-type and IAT-type basalts in Fig. 3B form
well defined trends of continuously decreasing TiO, at fairly
a constant Si/Na ratio in both displays. Consequently, they
plot in the fields competent for their chemistry found by
Beccaluva et al. (1989) for analogue rocks in the Mediter-
ranean ophiolites and in the southern segment of the Kalnik
Unit (Fig. 3A-B). Clinopyroxenes from samples vhk-15 and
h-26 have an anomalously high TiO, concentration due to
the cotetic crystallization with spinel instead of magnetite
and plot in the fields of E-MORB and N-MORB, respective-
ly (Fig 3B), suggesting that such equilibrated clinopyrox-
enes are not useful for tectonomagmatic discrimination.

Clinopyroxene Ti/Al ratio may be used as a relative
geothermobarometer in the sense that low ratios reflect

increased pressure (Shiffman and Lofgren, 1982). Accord-
ing to the proposed statements the low-Ti IAT type basalt
clinopyroxene reflects the highest pressure (Ti/Al = 0.05-
0.08) while those from the alkali WP basalts with Ti/Al of
0.36-0.49 represent the lowest confined pressure. This fact
is in agreement with the textural evidence of clinopyrox-
ene preceding plagioclase crystallization in IAT-type
basalts and the high amount of amygdals in the alkali WP
basalts. Different types of ridge related basalts showing
clinopyroxene Ti/Al ratio ranging randomly from 0.11 to
0.35 suffered intermediary pressure which is consistent
with the ophitic to intergranular textures of most samples.

Integrated geodynamic evolution of the ROD

The ROD belongs to the easternmost segment of
Neotethys (Bortolotti and Principi, 2005). There is no con-
sensus about whether it represents a domain of Dinaric
provenance (e.g., Pamié, 1997; Haas and Kovécs, 2001), or it
is related to the Meliata-Maliak ocean system (e.g., Gorican
et al., 2005; Slovenec and Lugovi¢, 2008; 2009; Slovenec et
al., 2010). However, these basins belong to a back-arc basin
belt that suffered the delayed subduction of the Paleotethyan
lithosphere beneath the European continental margin
(Stampfli and Borel, 2002; 2004). Late Anisian-Ladinian Ca-
alkaline intermediate to acidic rocks and pyroclastics in asso-
ciation with continental blocks from the Mts. Zumberak and
Mt. Ivanscica (Fig. 1A) which contain a Permian-Early to
Middle Triassic sedimentary succession are interpreted as
recording the magmatic activity on the active European con-
tinental margin (Gori¢an et al., 2005). According to this in-
terpretation these magmatic rocks are related to Andean-type
subduction and are not connected to the ophiolites.

It is not clear when the extensional tectonic activity caused
by the upwelling of this OIB-type mantle plume into the en-
sialic back-arc lithosphere of the ROD really started. The re-
lated Illyrian (late Anisian) and Fassanian (early Ladinian)
rifting in the ROD produced uncontaminated primitive and
evolved alkali basalts, respectively (Fig. 10A). Apparent ab-
sence of crustal contamination in these alkali lavas suggests
effusion in a highly evolved intracontinental rift basin. A Fas-
sanian pelagic limestone interpillow matrix and high vescicu-
larity of the pillows (Halami¢ et al., 1998) indicate effusions
above the CCD even in the terminal phase of intracontinental
extension which still may coincide with subduction-related
calc-alkaline magmatism in the Adria microplate. Similar La-
dinian alkali basalts are reported from the Dinaride ophiolite
zone (DOZ) by Vishnevskaya et al. (2009) and from Mts.
Biikk in Hungary for a Middle Triassic analogue by Harangi
et al. (1996). This fact may indicate large scale rifting of the
continental lithosphere between the Adria microplate and the
Tisia continental megablock of south Laurussia.

The formation of the first spreading ridge crust in the
ROD is documented by enriched E-MORB-type basalt in-
terlayered with late Fassanian to early Langobardian (early
Ladinian) radiolarian cherts in the Mt. Kalnik. Formation of
E-MORB extrusives indicate an initially slow-spreading
ridge which allowed mixing between the uprising asthenos-
phere and the OIB-type mantle source; the onset of E-
MORB-type crust generation continued to the Langobardian
(late Ladinian), probably from a similar source successively
depleted by previous E-MORB-type melt extraction result-
ing in depleted E-MORB-type crust (Fig 10B). Alkaline
basalts produced by a low amount of partial melting may
have formed simultaneously with E-MORB-type basalts at



this stage as oceanic islands or seamounts (Pe Piper, 1998).
The ROD alkaline basalts are older, which precludes their
interpretation as oceanic volcanic rocks related to this stage.

The transition from the proto-oceanic stage to evolved
ocean spreading in the ROD is thought to be represented by
the short-lived middle Carnian T-MORB-type basalts,
which indicate derivation from a MORB-dominated mantle
source enriched by components from residual material left
after the previous partial melt evolution (Fig. 10C). In a
modern ocean ridge analogue T-MORB basalts erupt simul-
taneously with N-MORB basalts (Reynolds et al., 1992,
Haase, 2002; Geshi et al., 2007). The first true N-MORB-
type crust in the ROD which is typical for the mature stage
of an ocean (Fig 10C) is documented by late Carnian pillow
basalts in frequent stratigraphic succession with radiolarian
cherts in the Mt. Kalnik. At this stage only suboceanic N-
MORB-type mantle contributes to magma genesis. Slight
SSZ signature of these N-MORB-type basalts, expressed by
a negative Ta-Nb anomaly, are inherited from the Middle
Triassic subduction of Paleotethys (Fig. 10A). The next
youngest ridge-related crust documented by the Pliensbachi-
an and Bajocian (Early Jurassic) N-MORB-like gabbros
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(Pami¢, 1997) still has SSZ signatures (our unpublished da-
ta) and is followed by Bajocian (Middle Jurassic) N-MORB
basalts without subduction signature (Slovenec and Lugov-
i¢, 2009). These facts promote Bajocian N-MOR basalts as
the crust generated at the maximum evolved stage of
spreading in the ROD and, moreover, suggest continuous
oceanic ridge production for around 65 Ma, beginning in the
early Ladinian (Fig. 10C).

The Mt. Medvednica N-MORB-type basalts dated to
165.4 Ma and 165.1 Ma (late Bathonian) with re-established
subduction related influence (N-MORB with arc signatures
of Shervais, 2001) signals the initiation of intraoceanic con-
vergence in the ROD (Slovenec and Lugovié¢, 2009). This
stage is marked by subduction of an active oceanic ridge
and formation of a metasomatized mantle wedge. The medi-
um-Ti IAT basalt is dated to 164.7 Ma (latest Bathonian)
and the low-Ti IAT varieties yield ages from 162.4 to 160.2
Ma (late Callovian to early Oxfordian.) consistent with the
onset of partial melting and production of IAT-type basalts
from increasingly depleted mantle (Slovenec and Lugovié,
2009). The low-Ti IAT-type basalt from Mt. Ivans$cica
yielded an age of 154.7 Ma (Late Oxfordian) which is the
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youngest age recorded by magmatic rocks in the ROD. This
rock shows the highest subduction components and reflects
the most evolved composition produced in the protoarc ex-
tensional stage of the ROD.

The closure age of the ROD is inferred from the meta-
morphic rocks presumed to be ancient ROD crust. The low-
er greenschist facies metamorphic complex of Mt. Medved-
nica composed of IAT-type basalt protoliths (dated to 119+5
Ma by Belak et al., 1995), obducted onto the Adria conti-
nental margin (Lugovi¢ et al., 2006), and a metamorphic
sole from the Mt. Kalnik which has BABB-type protoliths
dated to 118+8 Ma (Ignjati¢, 2007) suggest that the final
closure took place during the Barremian-Aptian.
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