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ABSTRACT

The remnants of the Neotethyis in the area of the Dinarides are represented by numerous ophiolitic complexes and associated mélanges. This paper pre-
sents the results of a regional study of pillow basalts and related pelagic sediments. The study area stretches from the northwestern Croatia across the Bosnia
and Herzegovina to the southern Serbia. Basaltic rocks are divided into four groups: within-plate alkaline basalts, CAB, E-MORB, IAT and BABB basalts.
Pelagic sediments related to basalts with BABB geochemical characteristics yielded Middle Jurassic age. Data presented in this paper as well as previously
published data, allowed recognition of two phases of ocean development: (1) the Middle Triassic terminal phase of intracontinental rifting with alkaline
basalt, CAB and E-MORB magmatism, (2) compressional phase resulting in IAT and BABB magmatism during Middle and Late Jurassic. These groups are
compared to similar rocks in Hellenides. The paper presents the insight into the oceanic evolution of the Neotethys in the Dinaride area - from continental

break-up and initiation of sea-floor spreading to compressional stage.

INTRODUCTION

Ophiolitic mélanges are common in orogenic belts created
by accretionary and collisional processes. These chaotic
tectono-sedimentary units are made up of blocks of various
lithologies embedded most commonly in shaley or sandy ma-
trix. Among the blocks of different ages and origins, the pil-
low basalts represent important lithologies that represent rem-
nants of crustal sequences originated in a variety of oceanic
geotectonic settings. Because most of the oceanic crust is
consumed during subduction, these ophiolitic fragments offer
valuable information about different stages of oceanic evolu-
tion (e.g. Pearce, 2008; Dilek and Furnes, 2011; Saccani et
al., 2011). Basaltic blocks are often associated with pelagic
sediments deposited on the newly formed crust shortly after
its formation. These sediments make a potential source for
biostratigraphic dating based on their planktonic fossils, most
commonly radiolarians, thus providing a crucial age determi-
nation of ocean-floor basalts (e.g. Gawlick et al., 2016).

The outcrops of the ophiolitic mélange in the Dinarides
are part of the larger chain of ophiolite occurrences stretch-
ing from northwestern Croatia to the southern Greece (e.g.
Schmid et al., 2008, Fig. 1). The origin of these ophiolites is
a subject of a long lasting debate. Open questions include
number and location of ocean basins, timing of their closure
and direction of emplacement of the ophiolites (e.g. Saccani
et al., 2011; Ferriere et al., 2012; 2016; Robertson, 2012;
Bortolotti et al., 2013; Gawlick et al., 2016). Extensive
petrological, geochemical and biostratigraphic studies have
been done on ophiolitic mélanges in Albania and Greece
(e.g. Jones and Robertson, 1991; Saccani et al., 2003; 2011;
Bortolotti et al., 2004; 2009; 2013; Saccani and Photiades,
2005; Chiari et al., 2012), however data from the Dinarides
are still relatively sparse. So far, data exist from the ophi-
olitic mélange in Croatia (Slovenec and Lugovié, 2009;
g012; Slovenec et al., 2010; 2011; Lugoviévet al., 2015;
Segvic et al., 2016), Bosnia and Herzegovina (Segvic¢, 2010;

Trubelja et al., 1995) and Serbia (Chiari et al., 2011;
Gawlick et al., 2016). In addition, several biostratigraphic
radiolarian data have been published from the ophiolite
mélange of the Dinarides (Obradovi¢ and Gorican, 1988;
Halamié¢ and Gorican, 1995; Halamic¢ et al., 1999; Gorican et
al., 2005; Djeri¢ and Gerzina, 2008; Gawlick et al., 2009;
2016; Vishngvskaya et al., 2009; Djeri¢ et al., 2010; Chiari
etal.,2011; Segvic et al., 2014; Gawlick et al., 2016).

The aim of this paper is to present new geochemical
petrological and biostratigraphic data on basalts and radio-
larites from ophiolitic mélanges of the Dinarides, sampled
from northwestern Croatia, across Bosnia and Herzegovina
to southern Serbia. The sampled basalts are divided into
four groups based on geochemical characteristics, represent-
ing different stages of the oceanic evolution. These data pro-
vide new insights into the tectono-magmatic evolution of
the basalts from the Dinaric part of Neotethys.

REGIONAL GEOLOGICAL SETTING

Ophiolites and associated ophiolitic mélanges occur in
two distinct belts in the Dinarides: the more external Dinar-
idic Ophiolite Belt (Pami¢ et al., 2002; Karamata, 2006) or
Central Dinaridic ophiolite belt (Lugovi¢ et al., 1991) and
more internal Western Vardar ophiolites (Karamata, 2006),
or Inner Dinaridic ophiolite belt (Lugovié et al. 1991), Ex-
ternal Vardar Subzone (Dimitrijevi¢, 1997), Vardar Zone
(Pami¢ et al., 2002). The external belt is characterized by
lherzolites and rare occurrence of harzburgites and extrusive
rocks (Lugovi¢ et al., 1991; Robertson et al., 2009).
Harzburgites predominate in the internal belt with abundant
occurrences of extrusive rocks with suprasubduction geo-
chemical signatures (Spray et al., 1984; Lugovi¢ et al.,
1991; Robertson et al., 2009). Some authors (e.g. Spray et
al., 1984; Lugovic et al., 1991; Karamata, 2006; Robertson
et al., 2009; 2013) tried to explain the differences of the
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belts by interpreting them as being derived from two dis-
tinctive oceanic domains. However, most of the authors
(e.g. Bernoulli and Laubscher, 1972; Baumgartner et al.,
1995; Pamic et al., 2002; Bortolotti et al., 2004; 2013; Bor-
tolotti and Principi, 2005; Schmid et al., 2008; Chiari et al.,
2011; Ferriere et al., 2012; 2016) agree that these belts rep-
resent a single ophiolitic thrust sheet derived from a single
oceanic basin, i.e. Maliac-Meliata-Vardar. According to the
terminology proposed by Schmid et al. (2008) both belts are
referred to as the Western Vardar Ophiolitic Unit. To the
south this unit includes the Mirdita ophiolites in Albania
(e.g. Bortolotti et al., 1996; Gawlick et al., 2008) and sever-
al ophiolite complexes further south in Greece (e.g. Schmid
et al., 2008; Ferriere et al., 2016).

Geodynamic evolution based on one ocean model is re-
constructed mostly on the basis of data from the Albanides
and Hellenides (summarized in Schmid et al., 2008; Chiari
et al., 2011; Bortolotti et al., 2013; Ferriere et al., 2016)
and includes rifting in the Middle Triassic and opening
phase during Late Triassic and Early Jurassic. Change to
convergent regime occurred in the Early to early Middle
Jurassic (Bortolotti et al., 2013). Convergence resulted in a
destruction of the subducting plate and formation of supra-
subduction zone type (SSZ) crust (e.g. Ferriere et al.,
2016). Shortly after their formation, in Middle to Late
Jurassic, supra-subduction ophiolites were emplaced on the
adjacent passive continental margin of Adria. The obduc-
tion was associated with development of metamorphic sole
and mélange at the base of the ophiolite nappe. Some au-
thors (e.g. Bortolotti et al., 2013) claim that latermost
Jurassic is the time all oceanic areas were closed, so the
continental collision started between latemost Late Jurassic
and the earliest Cretaceous. However, the existence of the
Cretaceous oceanic lithosphere in northern Bosnia and
Herzegovina (e.g. Ustaszewski et al., 2009) and NW Croat-
ia (gegvié et al., 2016), as well as various subduction relat-
ed magmatic, metamorphic and sedimentary units of Creta-
ceous and Paleogene age in Bosnia and Herzegovina and
Serbia (summarized in Ustaszewski et al., 2010) implies
that continental collision was not synchronous in all ocean-
ic domains.

Ophiolitic mélange in the Dinarides

_ Ophiolitic mélange (Diabase - Radiolarite Formation of
Ciri¢ and Karamata, 1960 or olistostrome mélange of Dim-
itrijevi¢ and Dimitrijevi¢, 1973) is widespread in the Dinar-
ides. Structurally, it is positioned bellow the metamorphic
sole at the base of the ophiolitic nappe (Saccani and Photi-
ades, 2005; Schmid et al., 2008). The sub-ophiolitic
mélange contains a mixture of lithologies that were mechan-
ically scraped off the lower plate during convergence as
well as gravitationally emplaced slide-blocks derived from
the upper plate (Bortolotti et al., 1996; Schmid et al., 2008;
Chiari et al., 2011). Blocks up to a km size were emplaced
in sedimentary matrix composed of shales, coarse-grained
arenites, pebbly mudstones and pebbly sandstones (Babi¢ et
al., 2002; Chiari et al., 2011). Blocks of Triassic platform
and pelagic deposits from the Adria continental margin pre-
dominate in the mélange (Gorican et al., 1999; 2005; Dim-
itrijevi¢ et al., 2003; Chiari et al., 2011; Gawlick et al.,
2016). The oceanic lihologies include amphibolites, serpen-
tinized peridotites, gabbros, basalts and cherts (Chiari et al.,
2011). Geochemical characteristics of basaltic blocks indi-
cate a presence of basalts formed at the mid-ocean ridge and

in supra-subduction setting (Chiari et al., 2011; Slovenec et
al., 2011), as well as those formed in intracontinental rift
setting (Slovenec et al., 2011). Middle to Late Triassic radi-
olarites associated with pillow basalts within ophiolitic
mélange have been found in several places (Obradovi¢ and
Gorican, 1988; Gorican et al., 1999; Vishnewskaya et al.,
2009; Gawlick et al., 2009; 2016). Middle Jurassic radiolar-
ites have been found in ophiolitic mélanges as slide blocks
(Obradovi¢ and Gorican, 1988; Gawlick et al., 2009; Vish-
Qevskaya et al., 2009; Djeri¢ et al., 2010; Chiari et al., 2011;
Segvié et al., 2014).

SAMPLING LOCATIONS

Six areas were sampled during this research. In total, 25
samples were taken for geochemical and micropaleonto-
logical analysis (Table 1). Study area includes different
sectors of Western Vardar Ophiolitic Unit (Schmid et al.,
2008), stretching from northwestern Croatia (Kalnik,
Medvednica and Banija ophiolitic mélange) through
Bosnia and Herzegovina (Krivaja-Konjuh and Zvornik
ophiolitic mélange) to southern Serbia (Zlatibor, Maljen
and Kopaonik ophiolitic mélange). Samples include 17 pil-
low basalts from ophiolitic mélange, sampled along with
interpillow sediments (eight samples), where it was possi-
ble, two samples of radiolarite blocks found in the vicinity
of sampled basalts, two samples of pillow basalts from the
ophiolitic complex, along with one sample of radiolarite in
stratigraphic succession with basalt. The sampling posi-
tions are shown in Fig. 1.

Table 1 - Sampling locations.

Locality Sample Lithology
Kalnik ophialitic melange emdt-01a-c basalt
zrndt-01 limestone (interpillow matrix)
rmdi-02 basall
Medvednica ophiolitic mélange mdt-03 basalt
mdr-04 basalt
Banija ophialite mélange doz-13 basalt
Krivaja-Konjuh ophiclitic mélange  doz-O&a chert (interpillow matrnx)
doz-06b-d basalt
doz-08 chert (black)
doz-09 chert (intergillow matrix]
doz-093-b basalt
doz-10 chert (block)
Krivaja-Kanjuh ophiolitic complex dub-02 hasalt
doz-11a chert (stratigraphic succession]
doz-11b basalt
Zvormnik ophiolitic melange doz-04a basalt
doz-04b chert (Interpillow matrix)
2latibor ophiolitic melange doz-03a basalt
doz-03b chert (interpillow matrix)
Kopaconik ophiolitic mélange wvz-0la basalt
wyz-0Zb chert (interpillow matrx)
Maljen ophiolitic mélange wyz-03a basalt
wyvz-03b chert (interpillow matrix)
wyvz-0da basalt
wyz-04b chert (interpillow matrix)




87

14°E

1 i
zmtd-01 1¥°E

- Oceanic units

i‘\f’ Sampling site

= | (=] Ophiolitic complex

200 km
i \
|

Fig. 1 - Oceanic units in the area of the Di- doz-09 Sample abbreviation \
narides modified after Schmid et al. (2008),
with position of ophiolitic complexes after —_ ‘: 10lﬂ
Lugovic¢ et al. (1991). The sampling sites
are marked with star. 1
METHODS

Mineral chemistry for 19 samples was obtained with
CAMECA SXS51 electron microprobe equipped with five
wavelength-dispersive spectrometers, at the Institut fiir Ge-
owissenschaften, Universitidt Heidelberg. Measurements
were performed under conditions of 15 kV of accelerating
voltage, 20 nA beam current, ~ 1 ym (10 ym for plagio-
clase) beam diameter. Standards were natural minerals - ox-
ides (corundum, hematite, spinel, rutile) and silicates (albite,
orthoclase, anorthite and wollastonite). Raw data were cor-
rected for matrix effects with the PAP algorithm implement-
ed by CAMECA. Mineral formulas were calculated by us-
ing a software package designed by Hans-Peter Meyer (In-
stitut fiir Geowissenschaften, Universitidt Heidelberg).

Whole rock chemical analysis was performed on 19 sam-
ples at the ACME Analytical Laboratories Ltd., Vancouver,
Canada. The samples were analysed by ICP-ES for major
and some trace elements (Ba, Sr, Zr, Y, Nb, Sc, Ni), while
REE, Cs, Th, U, Ta, Nb, Hf, V, Zr, Y, Rb, Ba, Sr were
analysed by ICP-MS. The rocks were analysed after 4-acid
digestion (HNO,-HCIO,-HF and HCI) of 0.25 g sample,
while the REE were analysed after LiBO,/Li,B,0, fusion
and nitric acid digestion of a 0.1 g sample. International
mafic rocks were used as reference materials. Accuracy for
ICP-ES analyses is better than 3% for major elements and
5% for trace elements, respectively. Detection limits for
trace elements are: Ni, Co, 20 ppm; Ba, Nb, Zn, Zr = 5 ppm;
Sc = 1 ppm. Accuracy for ICP-MS analyses ranges from 2
to 8%. Detection limits for trace elements are: V = 8 ppm;
Ba, Sn,Zn = 1 ppm; Th, Nb, Ta, Hf, Y, U, Zr, Pb, Rb, Cs; =
0.1 ppm; for REE: Nd = 0.3 ppm; La, Ce = 0.1 ppm; for the
rest of the REE is better than 0.05 ppm.

PETROGRAPHY AND MINERAL CHEMISTRY

The extrusive rocks analyzed in this paper are divided in
five groups, based on geochemical characteristics. They are
affected by polyphase hydrothermal alteration, but igneous
textures are well preserved in all samples (Figs. 2 and 3).
The primary mineral assemblage is composed of plagio-
clase, clinopyroxene, Fe-Ti oxide, + spinel, + volcanic
glass. The most important secondary minerals are albite and
chlorite, accompanied by actinolite, pumpellyite, prehnite,
analcime, epidote and titanite. Analyzed rocks are exclu-
sively pillow basalts, so the texture of the selected specimen
depends on its position within the pillow. Aphyric varieties
often contain skeletal clinopyroxene phenocrysts, dendritic
and variolitic clinopyroxene as well as variolitic aggregates
of plagioclase in the groundmass, indicating an extremely
high cooling rate.

Group 1: Clinopyroxene-phyric to aphyric, sporadically
hypohialine basalts contain calcite and subordinate chlorite
amygdules (Fig. 2a). The groundmass is composed of acicu-
lar microliths of plagioclase and clinopyroxene with devitri-
fied glass infillings (Fig. 3a). Plagioclase is altered to albite,
rarely accompanied by sericite. Clinopyroxene is slightly or
completely replaced by chlorite or actinolite. Fe-Ti oxide is
altered to titanite, while volcanic glass is altered to epidote
and chlorite.

Group 2: Aphyric, amygduloidal basalts are character-
ized by high content (up to 30%) of calcite and chlorite
amygdules (Fig 2 b). The groundmass is composed of devit-
rified glass, plagioclase microliths and dendritic clinopyrox-
ene. Plagioclase is altered to albite and sericite, clinopyrox-
ene to chlorite and Fe-Ti oxide to titanite.



Fig. 2 - Microphotographs of pillow basalts from the Dinaridic ophiolitic mélange. For details see text. Cpx- clinopyroxene, Ab- albite; Pl- plagioclase; Chl-
chlorite; Act- actinolite; Cal- calcite.

Group 3: Oligophyric to ophitic basalts show a large va-
riety of microstructures (Figs. 2c; 3b, ¢). Primary mineral
assemblage includes the bright pink clinopyroxene grains,
elongated to acicular plagioclase, Ti-magnetite + volcanic
glass. Plagioclase occurs as the compositionally homoge-
nous labradorite (Ansg) or normally zoned labradorite (Ans;)
to andesine (An,,). It is partially replaced by albite and spo-

radically by analcime. Clinopyroxene is occasionally altered
to chlorite, epidote and analcime, while Ti-magnetite (2.95-
18.53 wt.% TiO,) is partially replaced by titanite.

Group 4: Porphyric (Figs. 2d, e and 3d, e) and aphyric
basalts. Primary assemblage includes clinopyroxene, plagio-
clase and Ti-magnetite (16.99 wt.% TiO,) + volcanic glass.



Fig. 3 - EMPA-BSE (electron microprobe analyser-back scattered electron) microphotographs of pillow basalts from the Dinaridic ophiolitic mélanges. For
details see text. Cpx- clinopyroxene; Ab- albite; Pl- plagioclase; Chl- chlorite; Cal- calcite.
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Plagioclase is readily replaced by albite, sericite and anal-
cime, so the primary plagioclase chemistry remains unknown.
Clinopyroxene is partially replaced by chlorite or actinolite.

Group 5: Vesicular oligophyric to aphyric basalts (Figs.
2f and 3f). Primary assemblage includes labradorite (Ans, ,),
clinopyroxene, Ti-magnetite (21.4-24.41 wt.% TiO,) and
spinel (Mg, (Fe, ,Al) ¢ oF€.1.0,Cr 0O0,) High chromium and
magnesium content (Mg# = 60.8-63.9, Cr# = 0.53-0.57), ac-
companied by low titanium (TiO, = 0.62-0.67 wt. %) are
characteristic for supra-subduction zone type oceanic crust.

Clinopyroxene chemistry

Representative clinopyroxene compositions are shown in
Table 2 and plotted in the classification diagram (Morimoto,
1988; Fig. 4). The clinopyroxene from group 1 basalts is
preserved only as chemically homogeneous groundmass
grain with a diopside composition (Wo,5_s,En,; 50Fs|s.,5).
High contents of other-than-quadrilateral components (TiO,
=2.71-4.61 wt.%; Al,0;=7.12-9.56 wt.%) are characteris-
tic of non-orogenetic alkali nature of the host rock (Leterrier
et al., 1982). In addition, the analyzed clinopyroxene has
high Ti/Al ratio (0.21-0.41) and Mg# (59.0-76.2). Group 2
clinopyroxene is homogeneous augite and subordinate diop-
side (Wos;.4sEns, 4oFs|5.,). The Ti/Al ratio is 0.13-0.20 and
Mg# = 60.7-77.6. In the group 3 clinopyroxene is homoge-
neous or shows reverse and oscillatory zoning. Homoge-
neous grains have augite-diopside composition (Wo,;_
4sEN55 43 Fs | 5;) with medium other-than-quadrilateral com-
ponents (TiO, = 1.03-1.92 wt.%, Al,O; = 2.08-6.49 wt.%).
Grains with reverse and oscillatory zoning have augite com-
positions with low Ti and Al abundances (TiO, = 0.2-0.32
wt.%, Al,O; = 1.98-2.29 wt.%). Clinopyroxene from group
4 basalts is augite and only sporadically diopside (Wosq.
47BN 50Fs || »5) with low other-than-quadrilateral compo-
nents (TiO, = 0.44-2.05 wt.%, Al,O,=1.74-6.73 wt.%). The
Ti/Al ratio is 0.06-0.40, and Mg# is high (Mg# = 63.4-87.8).
These geochemical characteristics are typical for extrusive
rocks of supra-subduction geotectonic setting.

Chemical composition of clinopyroxene in basalts is used
to infer tectonic position of magmas from which they crys-
tallize (Beccaluva et al, 1989). Clinopyroxene from group 2
cannot be used in this way because it crystallized from an-
desitic magma (Table 3). In the triangular diagram dis-
played in Fig. 5a, clinopyroxene from group 1 basalts plots
in the upper portion of the within-plate basalt field having a
maximal TiO, content. Clinopyroxene from the group 3
basalts is projected in the overlapping MORB-within-plate
basalt field. Clinopyroxene from group 4 and 5 basalts
spreads across IAT-MORB array (Fig. 5b).

BULK-ROCK CHEMISTRY

Chemical compositions of analyzed rocks are shown in
Table 3. High LOI (up to 8.5 wt.%) corroborates hydrother-
mal alteration determined by petrographic analysis. The rel-
ative mobility of chosen elements was tested by plotting
their concentrations against immobile Zr as differentiation
index (Fig. 6). Large ion lithophile elements (LILE - Cs, Rb,
K, Ba, Sr) show variable and selective mobilization as dis-
played in Ba - Zr plot (Fig. 6a). High field strength elements
(HFSE - Th, Nb, Ta, Ti, Hf, P, Y) and rare earth elements
(REE) remained immobile (Fig. 6b-f). Transitional metals
(V, Cr, Mn, Fe, Ni, Zn) retained magmatic abundances (Fig.

6g - h). For these reasons, diagram of Winchester and Floyd
(1977) based on the immobile elements ratios has been used
to classify the rocks (Fig. 7). The analyzed rocks are sepa-
rated in the field of alkaline and subalkaline basalts to an-
desite/basalts (Fig. 7). They show similar Zr/TiO, ratio
(0.004-0.010) and a wide range of Nb/Y ratio, with Nb/Y >
1.25 for alkaline basalts and Nb/Y < 0.47 for subalkaline
basalts and andesite/basalts.

Group 1 is represented by four samples (Table 3). This
group has clear alkaline nature with high Nb/Y ratio (1.25-
1.42), and consists of primitive to slightly evolved basalts
(Mg# = 72.5-60.3). It is characterized by significant Th and
Nb enrichment (Fig. 8), high Zr/Y ratio (5.34-6.26), very
low Zr/Nb and low Ti/Zr ratios (4.1-4.4 and 3.6-8.9, respec-
tively). The TiO, (1.71-2.02 wt.%) content and Ti/V ratio
(40.2 to 48.4) are atypically low for alkaline basalts (Table
3). The N-MORB normalized abundance plots of immobile
trace elements in spider diagrams (Fig. 9a) are characterized
by generally smooth and decreasing pattern from Th to Y,
with slight HFSE enrichment [e.g. (Nb/La), = 1.67-1.99)].
The chondrite normalized REE abundance patterns (Fig. 9b)
depict an LREE enrichment with respect to HREE
[(Ce/Lu),, = 4.16-5.94]. The slight Eu anomaly (Eu/Eu” =
0.94-1.02) points to the crystallization from unfractionated
magma. Group 1 basalts plot in the field of continental rift
basalts (Fig. 10) in discrimination diagram of Agrawal et al.
(2008). This is in accordance with their position in the Th-
Hf/3-Nb/16 discrimination diagram where they plot in the
WPB field (Fig. 11). The overall geochemical characteris-
tics point to within-plate alkaline basalts.

Group 2 comprises two samples (Table 3), crystallized
from evolved magma (Mg# = 43.40-41.67; SiO, = 58.47-
62.15 wt.%). Low Nb/Y ratio (0.29-0.30) points to subalka-
line affinity. These rocks have moderate TiO, content (0.80-
091 wt.%), accompanied by low Ti/V ratio (29.42-29 48).
Spider diagrams are characterized by positive anomalies of
Th, U, K, La, Ce and marked Nb, Ta, Sr and Ti negative
anomalies (Fig. 9c). The LREE display enrichment relative
to the HREE [(Ce/Lu),, = 3.38-3.55] (Fig. 9d). These rocks
plot in the field of calc-alkaline basalts in the Nby-Thy (Fig.
8) and Th-Hf/3-Nb/16 discrimination diagrams (Fig. 11), re-
spectively. This is in accordance with their overall geo-
chemical characteristics.

Group 3 basalts are represented by seven samples
(Table 3). These rocks are subalkaline, as evidenced by
their Nb/Y ratio (0.13-0.47). The Mg# (71.5-51.43) indi-
cate a crystallization from both primitive and evolved
magmas. The TiO, ranges from 1.23 to 2.20 wt.%, with the
same trend of the Ti/V ratio (from 33.85 to 45.96). These
rocks display enrichment in Th and Nb and plot in the E-
MORSB field (Fig. 8). Spider diagrams (Fig. 9e) are charac-
terized by variation in both LILE and HFSE contents
[(Nb/La), = 0.68-2.10)]. The LREE display slight enrich-
ment relative to the HREE [(Ce/Lu),, = 1.45-1.78)] (Fig.
9f). Most of the samples plot in the CRB field in discrimi-
nation diagram of Agrawal et al. (2008, Fig 10). In sum-
mary, the overall geochemical characteristics of this group
indicate E-MORB affinity.

Group 4 comprises five samples (Table 3), with clear
sub-alkaline nature (Nb/Y = 0.04-0.10). Wide range of the
Mg# (70.1-37.0) points to crystallization from primitive to
evolved magmas. The Ti/V ratio is ranging from 17.1 to
34.71, while the TiO, content is low (0.71-0.95 wt.%). The
incompatible elements abundance patterns in spider diagram
(Fig. 9g) are characterized by depletion of LILE and HFSE,
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with slight Nb-Ta negative anomaly [(Nb/La), = 0.26-
0.83)]. The REE abundance pattern (Fig. 9h) has convex
shape, depleted in LREE relative to MREE [(Ce/Sm),_, =
0.55-0.72] and HREE [(Ce/Lu)_, = 0.40-0.93]. The overall
geochemical characteristics point to IAT affinity of group 4
basalts.

Group 5 is represented by three samples (Table 3) dis-
playing sub-alkaline affinity (Nb/Y= 0.04-0.07). These
rocks crystallized from relatively primitive magmas (Mg#
=7 2.0-58.4). Concentration of the TiO, is moderate to high
(0.95-1.63 wt.%) and samples are characterized by elevated
Ti/V ratio (21.7-33.1). The Nb is very low (Table 3) and
consequently Zr/Nb ratio is high (45.8-67.7), otherwise typ-
ical for N-MOR basalts. Th is enriched relative to Nb, be-
sides sample doz-11b having low Th content (Fig 8). The
incompatible element abundance patterns in spider diagram
(Fig. 91) display both LILE enrichment and depletion as
well as HFSE depletion, with distinct Ta-Nb trough
[(Nb/La), = 0.16-0.53)], indicating supra-subduction influ-
ence. REE abundance patterns (Fig. 9j) are generally flat to
moderately convex [(Ce/Sm)_, = 0.90-1.05, (Ce/Lu),, =
1.09-1.50], and display REE enrichment 9-10 times relative

to chondrite, similar to E-MORB. On the basis of geochem-
ical characteristics, group 5 are tentatively classified as
BABB.

RADIOLARIAN DATING

A single chert sample from the Krivaja-Konjuh ophiolite
mélange (doz-10) yielded poorly preserved but identifiable
radiolarians. The sample was treated with diluted (5%) hy-
drofluoric acid.

The genera designations follow the revision of
O’Dogherty et al. (2009 and 2017). The zonation proposed
by Baumgartner et al. (1995) and based on Unitary Associa-
tions was used to date the assemblage. The identified radio-
larians are illustrated in Plate 1.

Radiolarians are characteristic of the Middle Jurassic
age. Presence of Eucyrtidiellum pustulatum Baumgartner
(UAZ 5-7 of Baumgartner et al., 1995) and Striatojapono-
capsa conexa (Matsuoka) (UAZ 4-7 of Baumgartner et al.,
1995) indicate a late Bajocian-early Bathonian to late
Bathonian-early Callovian age (UAZ 5-7).
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According to Baumgartner et al. (1995) Zhamoidellum
ventricosum Dumitrica first occurs in UAZ 8, however this
taxon has already been found in older assemblages (UAZ 6
in Chiari et al., 2013; UAZ 6-7 in Smuc and Gorican, 2005
and O’Dogherty et al., 2006). Moreover, Transhsuum cras-
sum Chiari, Marcucci and Prela has its first occurrence in
UAZ 6 (Chiari et al., 2002), but because of poor preserva-
tion we prefer to indicate these specimens as “cf. species”
(see Plate 1).

Middle Jurassic (UAZ 5 of Baumgartner et al., 1995) ra-
diolarian assemblage from the chert-shales slide block
within the ophiolitic mélange has previously been reported
from the Krivaja - Konjuh ophiolitic mélange (Segvié et
al., 2014). Furthermore, radiolarian cherts of Middle Juras-
sic age are found in mélanges of the neighbouring ophi-
olitic complexes in Croatia (Halamic et al., 1999) and Ser-
bia (Gawlick et al., 2009). In ophiolite complexes of Alba-
nia and Greece Middle Jurassic cherts are found both in di-
rect contact with the basalts as well as blocks within the
ophiolitic mélange (e.g. Bortolotti et al., 2013; Segvi¢ et
al., 2014).

DISCUSSION

The studied pillow basalts of the Dinaridic ophiolitic
mélange represent rocks of five different tectonomagmatic
groups: group 1 (within plate alkali basalts), group 2 (CAB),
group 3 (E-MORB), group 4 (IAT) and group 5 (BABB).
The geodynamic interpretation of these groups is based on
presented results and supported by literature data from
Greece and Albania (summarized in Bortolotti et al., 2013)
and nothwestern Croatia (Slovenec and Lugovié, 2009;
Slovenec et al., 2010; 2011). Groups 1 to 3 belong to the
initial stage of intracontinetal rifting and oceanic basin
opening (Fig. 12a) while groups 4 and 5 belong to the con-
vergence stage affected by subduction zone (Fig. 12b).

In the evolution of the Neotethys, Middle Triassic has
been recognized as a period of oceanic basin opening (e.g.
Marccuci et al., 1994; Danelian and Robertson, 2001;
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Gawlick et al., 2008; 2009; Bortolotti et al., 2013). It was
characterized by alkaline, calc-alkaline and variably en-
riched subalkaline magmatism (Pe-Piper, 1998; Saccani et
al., 2015). This phenomenon is interpreted by heterogenity
of both lithospheric and asthenospheric mantle - CAB mag-
mas were derived by melting of SSZ-type lithospheric man-
tle (Pe-Piper, 1998; Saccani et al., 2015), alkaline magmas
originated from OIB-type metasomatized asthenosphere
(Saccani et al., 2015), while subalkaline basalts were de-
rived from primitive asthenospheric mantle, sporadically en-
riched by OIB-component.

According to literature data, alkaline basalts zmtd-03 and
zmtd-04 from Medvednica ophiolitic mélange are late
Anisian to early Ladinian (Halami¢ et al., 1998). Other sam-
ples from group 1 could be of similar age and are attributed
to the same phase of oceanic evolution, i.e. intracontinental
rifting. These rocks are similar to alkaline basalts from ophi-
olitic mélanges of northwestern Croatia (Slovenec et al.,
2010; 2011), as well as those from Albanides and Hel-
lenides (Bortolotti et al., 2013; Fig. 9b), which have the sim-
ilar ages. Group 2 CAB probably belongs to the same stage
of oceanic evolution. Middle Triassic age reported for these
rocks (Karamata et al., 2000) is in accordance with this
proposition. This group is similar to CAB from ophiolitic
mélanges in Albania and Greece (Fig. 9d). Middle Triassic
E-MORBs are reported from ophiolitic mélanges of north-
western Croatia (Slovenec et al., 2011). It could be proposed
that group 3 E-MORBs presented in this paper belongs to
the same time period. These rocks probably represent the
initial phase of magmatism at a spreading ridge. They are
comparable with similar rocks of ophiolitic mélanges in Al-
bania and Greece (Fig. 8f).

Change from divergent to convergent regime within the
Neotethys is generally placed in Early to early Middle
Jurassic (e.g. Gawlick et al., 2008; Schmid et al., 2008;
Bortolotti et al., 2013) with formation of oceanic lithos-
phere in supra-subduction setting (e.g. Pami¢ et al., 2002;
Saccani et al., 2011; Bortolotti et al., 2013). Convergent
regime was complex with different types of magmatism -
N-MORB, IAT, boninitic, BABB, low-K tholeiitc and
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group 3 basalts. (g) N-MORB-normalized multielement (g) and (h) REE chondrite-normalized patterns for group 4 basalts. N-
MORB-normalized multielement (i) and REE chondrite-normalized patterns (j) for group 4 basalts. Normalization values are
from Sun and McDonough (1989). Fields for Greece and Albania (Bortolotti et al., 2013), and NW Croatia (Slovenec and Lu-
govic, 2009; Slovenec et al., 2010; 2011) are plotted for correlation.
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CAB, evolving through time and space (Bortolotti et al.,
2013; Saccani et al., 2017). Group 4 basalts showing IAT
characteristics probably developed in an intra-oceanic arc
settings. Similar rocks of Middle to Late Jurassic age are re-
ported from northwestern Croatia (Slovenec et al., 2011),
Greece and Albania (summarized in Bortolotti et al., 2013;
Fig. 9h). Sample dub-02 (Krivaja-Konjuh ophiolitic com-
plex) from group 5 is biostratigraphically dated as Middle
Jurassic. The group 5 is tentatively determined as BABB due
to enriched REE pattern accompanied by Nb-Ta depletion.
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If the presumption is correct, this could be the first report
of Middle Jurassic BABB crust in the Western Vardar
Ophiolitic Unit. Group 5 is comparable to BABB from the
ophiolites of Hellenides (Fig. 9j).

CONCLUSIONS

In this paper new geochemical and biostratigraphical data
on pillow basalts and related pelagic sediments, covering
the area from nothwestern Croatia to southern Serbia are
presented. Basalts are divided into five tectonomagmatic
groups: WPAB, CAB, E-MORB, IAT and BABB. Radiolar-
ites associated with basalt from BABB group are dated as
Middle Jurassic (late Bajocian to early Callovian).

Middle Triassic terminal phase of intracontinental rifting
was characterized by effusion of coeval basalts having dif-
ferent geochemical characteristics - CAB, WPAB and E-
MORB. This was a consequence of mantle heterogenities,
rather than different geodynamic processes.

Middle Jurassic oceanic crust developed under the supra-
subduction influence in the compressional tectonic regime.
In this paper, two types of magmatism related to this phase
are recognized - IAT and BABB. Basalts of IAT geochemi-
cal affinities developed in an intra-oceanic arc settings,
while occurence of basalts with BABB affinity tentatively
indicates the possibility of back-arc basin existing in this
area during the Middle Jurassic.
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Fig. 12 - Schematic geodynamic model for Dinaridic Neothetys evolution
(not to scale): (a) advanced intracontinental rifting stage with contempora-
neous alkaline basalt, CAB and E-MORB magmatism; (b) the convergent
stage with IAT and BABB magmatism.
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Plate 1 - Radiolarians from sample doz-10. For each specimen SEM number is indicated.

1) Archaeodictyomitra sp. cf. A. prisca Kozur and Mostler, 100212; 2) Archaeodictyomitra sp. cf. A. rigida Pessagno, 100201, 3) Eucyrtidiellum pustulatum
Baumgartner, 100202; 4) Hemicryptocapsa sp. cf. H. yaoi (Kozur), 100210; 5) Hsuum sp., 100207; 6) Striatojaponocapsa conexa (Matsuoka), 100205; 7)
Striatojaponocapsa (?) sp., 100203; 8) Takemuraella sp., 100220; 9) Transhsuum sp. cf. T. crassum Chiari, Marcucci and Prela, 100221; 10) Unuma sp. cf. U.
gordus Hull, 100213; 11) Zhamoidellum sp. cf. Z. ventricosum Dumitrica, 100208.






