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ABSTRACT
This paper brings a first comprehensive set of mineralogical, petrological and geochemical data of amphibolites associated with mantle peridotites in the
Upper Jurassic to mid Lower Cretaceous ophiolite mélange of Kalnik Mt. in northern Croatia. This mélange is emplaced in a Paleogene sedimentary succession. Metamorphic evolution of the amphibolites and the nature of their igneous protoliths are discussed in the frame of late history development of northwestern branch of Dinaric-Vardar Tethys. Primary amphibolite assemblages consist of pargasite-magnesio-hornblende and oligoclase-bytownite (common
amphibolite) + almandine-grossular-rich garnet (garnet amphibolites) + clinopyroxene (clinopyroxene amphibolites). Minimum equilibration temperature for
the amphibole-plagioclase pairs was estimated at 660±40°C, whereas the peak conditions (790±20°C at 0.79 to 1.04 GPa) were recorded in garnet amphibolite. Retrograde parageneses (albite, actinolite, clinozoisite, titanite, chlorite, pumpellyite, and ‘metamorphic vermiculite’) correspond to greenschist to subgreenschist facies conditions. Protolith REE patterns match modern ocean ridge basalts (LaN/LuN = 0.51-0.82) whilst the normalized multi-element diagram
shows slight negative HFSE anomalies (NbN/LaN = 0.44-0.90), diagnostic for a subduction-zone geochemical signature. Overall, geochemical data suggest
back-arc basin (BAB) tholeiitic mafic extrusives (lack of Eu anomaly) and IAT-like cumulates (Eu positive anomaly) as amphibolite precursors. The Kalnik
Mt. amphibolites are proposed to have formed during the incipient intraoceanic subduction following the model of metamorphic sole at the expense of an
oceanic crust originated at the ridge of a back-arc marginal basin. The metamorphism must have taken place during Tithonian (?) as inferred from the protolith age. According to the geological evidences the back-arc magmatic regime was active until the final closure of Mesozoic Tethys in Cretaceous by the obduction of Dinaric ophiolites onto the NW margins of Adria microplate, when part of the metamorphic sole must have been exhumed and obducted together
with the rest of ophiolite sequence.

introdUction
Within main ophiolitic belts of the Dinarides, Albanides
and Hellenides, the occurrences of metamorphic rocks of
the Jurassic age are well documented (e.g., Gjata et al.,
1992; Dilek and Whitney, 1997; Bébien et al., 2000; Fig. 1).
In the neighbouring Western Vardar ophiolites in the sense
of Schmid et al. (2008; Fig. 1), or more precisely in the
Zagorje-Mid-Transdanubian Zone (ZMTDZ; Pamić and
Tomljenović, 1998) or Sava Unit (Schmid et al., 2008; Haas
et al., 2000; Fig. 2), where the remnants of the Triassic and
Jurassic Neotethys are both reported (Lugović et al., 2007;
2015; Slovenec et al., 2011), the outcrops of high-grade
metamorphic rocks have not yet been reported (e.g.,
Slovenec and Pamić, 2002; Lugović et al., 2007).
Looking back in the geological records the history of the
Sava Unit is quite complex. The Paleotethys back-arc
oceans known in the literature as Meliata-Maliac or MeliataHallstatt (e.g., Stampfli et al., 2002) experienced constant
shortening during the Jurassic period owing to the rotation
of Africa with respect to Europe (Cavazza et al., 2004;
Burke, 2011). This eventually led to the opening of the Vardar supra-subduction ocean during the roll-back of the Meliata-Maliac. An ensuing middle to Late Jurassic intraoceanic
convergence of Western Vardar realm was manifested in the
area of the Sava Unit by the subduction of an active oceanic
ridge, developed arc activity, and related local extensions
with occurrences of back-arc magmatism (Slovenec and Lu-

gović, 2009; Bortolotti et al., 2013). The final closure of
Neotethys is inferred to correspond to the Barremian-Aptian, constrained in the Sava Unit by the age of greenschists
of the Mt. Medvednica (Belak et al., 1995) that were thrust
onto the Adria continental margins (Lugović et al., 2006).
Only recently the occurrence of amphibolites associated
to altered ultramafic rocks was reported within the ophiolitic
mélange of Kalnik Mt. (Fig. 3; Šegvić et al., 2005). Understanding the original geological setting of amphibolites was,
however, difficult since the southern portion of the Sava
Unit lacks any real ophiolitic complexes, and ophiolitic
rocks are rather exposed in several separate ophiolite
mélange sectors (e.g., Haas et al., 2000; Slovenec and Lugović, 2012). Moreover, the various blocks of magmatic and
sedimentary rocks enclosed in the matrix of ophiolite
mélange are frequently juxtaposed and vary both in age and
lithology (e.g., Halamić, 1988; Slovenec and Pamić, 2002).
An earlier radiometric dating of amphibolites yielded an age
of 118±8 Ma (Šegvić et al., 2005) but due to the uncertainties of K-Ar dating of amphiboles exposed to low-grade
conditions (e.g., Jappy et al., 2001) it is highly plausible that
such an obtained age may not represent the true age of
metamorphism. Despite the complex geology of Sava Unit,
the intimate proximity of amphibolites and overlaying peridotites may be the sign of their common tectono-metamorphic history, possibly through the model of metamorphic
sole, which in the rest of the Dinaride Ophiolite Zone (after
Lanphere et al., 1975) gave rise to the formation of numerous
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Fig. 1 - Geotectonic sketch map of the major tectonic units of the Alps, Carpathians and Dinarides (simplified after Schmid et al., 2008). Legend: 1- Adria derived far-travelled nappes Alps and W. Carpathians: ALCAPA (L. Austrialpine and Tatricum, northern and southern margin of Meliata, Eoalpine high-preassure belt); 2- –Europe-derived units: Dacia (Central Balkan and Prebalkan, Danubian, Helvetic, Subpenninic, Infrabucovinian, Getic, Sredna Gora, SerboMacedonian, Supragetic, Subbucovinian, Bucovinian, Biharia); 3- mixed European and Adriatic affinities: Tisza (Mecsek, Bihor, Codru); 4- inner Balkanides
(Rhodope, Strandja); 5- Miocene thrust belt (thrust internal foredeep, Marginal Folds, Tarcau, Skole, Audia, Macia, Convolute Flysch, Subsilesian, Silesian,
Ducia); Ophiolites oceanic accretionary prisms: 6- Valais, Rhenodanubian, Magura, Pieniny, Klippen belt; 7- Ceahlau-Severin; 8- Meliata, Darnó-Sźarvaskö,
Dinaric, Western Vardar, Mirdita; 9- Piemont-Liguria, Vahicum, Inacovce-Kriscevo, Szolnok, Sava; 10- Transylvanian, South Apuseni, Eastern Vardar; 11Southern Alps; 12- Adriatic Plate, High Karst and Dalmatian Zone; 13- Pre-Karst and Bosnian Flysch; 14- East Bosnian-Durmitor; 15- Drina-Ivanjica, Korab,
Pelagonides; 16- Bükk, Jadar, Kopaonik; 17- black arrow indicates the Kalnik Mt. investigated area.

amphibolite and granulite occurrences resulting from the
Late Jurassic Neotethyan contraction (e.g., Operta et al.,
2003). Alternatively, the Kalnik Mt. amphibolites stand for
a product of regional metamorphism - an event that caused
the formation of greenschists of the Mt. Medvednica during
the Neotethyan obduction - which would make the analysed
amphibolites contemporaneous to the ophiolite emplacement in the Early Cretaceous.
It is the aim of this paper to thoroughly report on the
overall mineralogical, petrological and geochemical characteristics of amphibolites reported from the ophiolite
mélange of the Kalnik Mt. in order to shed more light on
their metamorphic history and character of original (igneous) protolith. In addition, the correlation of the geochemical and petrological characteristics of studied rocks with the
suites of various magmatic rocks cropping out within the
broader Sava Unit of NW Dinarides, served as a basis to
discuss a geotectonic affinity of suggested protoliths and
plausible geodynamic scenarios which might have governed
the formation of amphibolites recovered at the Kalnik Mt. in
NW Croatia.

geological setting
The Kalnik Mt. is an intra-Pannonian “inselberg” situated in the Sava Unit (after Haas et al., 2000; Fig. 2) or
ZMTZD after Pamić and Tomljenović (1998). The Sava
Unit is about 100 km wide and approximately 200 km long
sheared belt sandwiched between the two regional fault systems: the Zagreb-Zemplin (ZZL) and the Periadriatic lineament (PL). The ZZL confines the Sava Unit south-westward
towards Tisza Mega-unit, whilst the PL defines the northern
border of Sava Unit to Austroalpine units and Pelso Unit
(Fig. 2). Although the Sava Unit, i.e. ZMTDZ, consists of
mixed Dinaric and South Alpine tectonostratigraphic units
(e.g., Haas et al., 2000), its affiliation to the Dinarides and
their ophiolites is largely accepted (Pamić and Tomljenović,
1998). The Kalnik Mt. region consists of sedimentary rocks
of different age associated with ophiolites (Pamić, 1997a;
Fig. 3a-b). These include up to a few decametres to kilometre large fragments and blocks of oceanic provenance, such
as tholeiitic basalts with dolerites and gabbros along with
sporadic occurrences of mafic and ultramafic cumulates.
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Fig. 2 - Sketch map of the structural units and major lineaments (modified after Haas et al., 2000). Insert map: geographic setting of the area presented in the
sketch map. Legend: 1- Austroalpine units; 2- Pelso Unit; 3- South Alpine units and Julian-Savinja and South Karawanken units; 4- South Zala Unit; 5- Central Slovenian and Bosnian units; 6- Medvednica Unit; 7- Kalnik Unit; 8- Internal Dinaridic Unit (Vardar Unit); 9- External Dinaridic Unit; 10- Tisza MegaUnit; 11- black arrow indicates the Kalnik Mt. study area; 12- box indicates the area shown on the Figure 3a; BL- Balaton Lineament; ZZL- Zagreb-Zemplin
Lineament; PL- Periadriatic Lineament.

Fig. 3 - (a) Simplified geological map and stratigraphic column of Kalnik Mt. (modified after Šimunić et al., 1982 and Halamić 1999). Legend: 1- Neogene
sedimentary rocks; 2- Paleogene sedimentary rocks; 3- Jurassic/Early Cretaceous ophiolite mélange with blocks of: 3a- basalt, 3b- gabbro, 3c- amphibolite,
tectonite peridotite and Triassic-Jurassic radiolarites, sandstones and shales (not separated on the maps); 4- reverse or thrust faults; 5- normal faults; 6- discordance line, tectonic-erosion discordance; 7- quarry; 8- detail shown on the geological sketch map 3b. (b) Sketch map of the investigated locations (modified
after Šimunić et al., 1982). Legend: 1- Neogene sedimentary rocks; 2- Paleogene sedimentary rocks; 3- Ophiolite mélange; Blocks in ophiolite mélange: 4amphibolites; 5- tectonite peridotite; 6- normal faults; 7- thrusts; 8- sample location.
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The entire association shows a “block-in-matrix” fabric, typical for chaotic ophiolitic complexes, and it is referred to as a
dismembered ophiolitic mélange (Lugović et al., 2007;
Slovenec et al., 2011; Fig. 3a-b). This mélange, called the
Kalnik Unit (after Haas et al., 2000; Fig. 2), comprises ophiolitic suites, mostly consisting of extrusive rocks and pillow
basalts associated with radiolarian cherts that characterize all
of the major inselbergs of NW Croatia (Mountains of Kalnik,
Ivanščica, Samoborska Gora and Medvednica; Fig. 2;
Slovenec and Lugović, 2009; Slovenec et al., 2010; 2011),
whereas the mélange from the Medvednica Mt. also contains
gabbroic rocks (Slovenec and Lugović, 2008). Owing to the
lithological peculiarities, the part of the Sava Unit comprising
the Kalnik Mt. and the neighbouring inselbergs is often considered as a corner oceanic branch that spatially “connects”
Vardar-Dinaric ophiolites located to the southwest and Meliata-Maliac ophiolites to the northeast (e.g., Slovenec et al.,
2011). Palynomorph assemblages from the mélange sedimentary matrix confined the accretion age of the Kalnik Mt.
ophiolites to the Middle Jurassic to Early Cretaceous time
(Babić et al., 2002). After the accretion, these rocks underwent the emplacement onto the eastern continental margins
of the Adria Plate during the Aptian to Palaeocene timespan
(Pamić and Tomljenović, 1998; Pamić, 2002). There are arguments suggesting that Sava Unit was displaced by the
translation and rotation along the ZZL in NE direction, finally reaching its present position during the Middle Miocene
(Pamić, 1997a; Tomljenović et al., 2008; Fig. 2).
Surface geology of the Kalnik Mt. comprises Neogene
clastic sedimentary rocks along with the portions of heterogeneous ophiolitic mélange (Fig. 3a-b). In the mélange, the
ophiolitic blocks are dominantly encountered, whereas the
olistoliths of sedimentary origin (i.e., greywacke, minor
shale, cherts, and scarce Triassic limestones) and the nonophiolite suites of alkali basalts are only sporadically reported (e.g., Šimunić et al., 1982; Slovenec et al., 2011; Fig. 3a).
The associated radiolarian cherts constrain the age of igneous rock fragments to the period of the Middle Triassic to
Late Jurassic (Slovenec et al., 2011 and references therein).
Ophiolite mélange is mainly in tectonic contact with the
youngest Neogene and Pleistocene sedimentary rocks and
the Kalnik Mt. central ridge consists of Paleogene carbonate
breccias thrusted over Neogene sedimentary rocks (Šimunić
et al., 1982; Fig. 3a-b). Only in the Kalnik Mt. central ridge,
Neogene sedimentary rocks transgressive overlap the ophiolite mélange. Mélange is dominantly composed of mafic extrusives, showing various geochemical affinities consistent
with their distinct geotectonic formation setting in a period
from the Illyrian to the late Oxfordian (Slovenec et al.,
2011). Jurassic gabbros are also reported from the Kalnik
Mt. ophiolitic mélange, occurring as hectometre-sized homogenous blocks (e.g., Vrkljan and Garašić, 2004; Lugović
et al., 2015). However, some gabbroic blocks that appear as
fault-bounded tectonic inclusions subsequently embedded in
the mélange during ophiolite emplacement have been proved
to present evidence of Cretaceous magmatism in the backarc ridge setting (Lugović et al. 2015). Moreover several tectonic slices of mantle peridotites were exhumed along the
mountain ridge tectonic zone (Šimunić et al., 1981). One of
them is a few hundred meters large composite slice composed of serpentinized lherzolites (Lugović et al., 2007),
which is underlain by ortho-amphibolites (Šegvić et al.,
2005; Fig. 3b). Both rock types, amphibolites and serpentinites appearing in a small area of exposure, show characteristic foliation and banding, which may suggest a common

tectonic-metamorphic history. Amphibolites occur in the
form of hectometre-sized blocks placed within the ophiolitic
mélange that is found tectonically inserted in the Palaeogene
sedimentary succession (Šimunić et al., 1982).
analytical Methods
Chemical composition of mineral phases from 8 thin-sections was measured by electron probe microanalyzer (EPMA) at the Institute of Geosciences (University of Heidelberg/Germany), using CAMECA SX51, equipped with five
wavelength-dispersive spectrometers. Operating parameters
include 15 kV accelerating voltage, 20 nA beam current, ∼ 1
μm beam size, and 10 seconds counting time for all elements. Natural minerals, oxides (corundum, spinel,
hematite, and rutile), and silicates (albite, orthoclase, anorthite, and wollastonite) were used for calibration. The measurements relative error was less than 1%. Raw data were
corrected for matrix effects using the PAP algorithm (Pouchou and Pichoir, 1984; 1985) implemented by CAMECA.
Mineral phase formula calculations were done using a software package designed by H-P. Meyer (University of Heidelberg/Germany).
Bulk-rock powders for chemical analyses of 8 amphibolite samples were obtained from rock chips free of veins.
The samples were analysed for major and trace elements by
ICP-MS at Actlab Laboratories (Ancaster/Canada). International mafic rocks were used as standards. Loss on ignition
(LOI) was acquired by weight difference, after ignition at
1000°C for 1 hour. Major element and trace element concentrations were measured with an accuracy not exceeding
1% and 5%, respectively.
Automated mineral and textural characterization was performed using a FEI QEMSCAN® Quanta 650F facility at
the Department of Earth Sciences (University of
Geneva/Switzerland). This technique is based on automated
scanning electron microscopy (SEM) coupled with EDS
unit. Mineral phase identification relies on the combination
of back-scattered electron (BSE) brightness values, lowcount energy-dispersive X-ray spectra (EDS) and X-ray
count rate giving information on the elemental composition
(Gottlieb et al., 2000). Following the acquisition, individual
X-ray spectrum is compared against a library of known
spectra and a mineral name is assigned to each individual
acquisition point. The X-ray EDS spectra library is provided
by FEI Company and has been further developed in-house
using different natural standards. Measurements were performed on the carbon-coated samples at high vacuum conditions using an acceleration voltage of 25 kV and probe current of 10 nA. The X-ray acquisition time was 10 ms per
pixel with a point-spacing of 2.5 µm. Up to 122 individual
fields were measured in each sample whereby the size of
single field was 1.5 x 1.5 mm. Carbon-coated thin sections
were used for SEM-EDS investigations. Crystal morphology, shapes, and mineral associations were studied by highmagnification back-scattered electron (BSE) and secondary
electron (SE) imaging using QEMSCAN® facility operated
in SEM mode under high vacuum. A variety of acceleration
voltages and beam size conditions were employed to assure
the best imaging conditions.
Geothermometric calculations are based on the compositions of thermodynamically equilibrated pairs of amphibole
and plagioclase (Holland and Blundy, 1994). Metamorphic
pressures are estimated using the geobarometer of Kohn and
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Spear (1990) calibrated on the basis of equilibrium of coexisting amphibole, garnet, and plagioclase. All the results of
geothermobarometric calculations are provided in Table 6.
Due to complete retrogression of primary metamorphic plagioclase, temperatures were not calculated for samples KB,
KM, and KN.
aMphibolite petrography
and Mineral geocheMistry
rock types
Based upon the primary metamorphic mineral compositions and textural characteristics revealed by QEMSCAN®
and petrographical analyses, three types of amphibolite were
distinguished: (1) garnet amphibolite (sample KF, Fig. 4a),
(2) clinopyroxene amphibolite (samples KD and KO, Fig.
4b), and (3) common amphibolite (samples KA, KB, KL,
KM, and KN, Fig. 4c). All the amphibolite types are partly
overprinted by retrograde features as coronas and pseudomorphs, fine-grained aggregates and vein fillings.
Garnet amphibolite
QEMSCAN® modal mineralogy shows that this type of
amphibolite dominantly consists of nematoblastic amphibole (here referred as hornblende, ~ 65%) and albite
(~ 15%) (Fig. 5a), with minor clinopyroxene (Fig. 6a), titanite (Fig. 5a) and kelyphitic garnet (Fig. 5b). The secondary
phases are tremolite-actinolite, pumpellyite, prehnite (Fig.
6b), clinozoisite (Fig. 5c), muscovite and chlorite (Fig. 6c).
A complete mineral list is given in Fig. 4a, named as assemblage A (Hbl + Grt + Pl ± Ep-Czo).
Garnet porphyroblasts often show up to 500 µm wide kelyphitic rim (Fig. 4a-inset, Fig. 5b) in a matrix dominated by
prismatic hornblende (~ 0.5-2 mm, Fig. 5a). Grains of
clinopyroxene are largely replaced by hornblende as demonstrated by segmented and insular appearance of the former
(Fig. 6a). The saw-tooth or comb-like interfaces of clinopyroxene fragments point to an intrinsic instability of clinopyroxene under the metamorphic conditions of amphibolite facies, suggesting a possibble relict magmatic origin. Plagioclase occurs as small interstitial grains completely pseudomorphosed by albite. Xenoblastic garnet porphyroblasts are
normally deformed and contain inclusions of plagioclase
(albite) and amphibole.
Retrograde metamorphism has heterogeneously overprinted the prograde assemblage as evidenced by secondary coronas around garnet and amphibole. Garnet breakdown gave
rise to a mixture of secondary minerals consisting primarily
of fine-grained muscovite, amphibole, pseudomorphosed albitic plagioclase, and chlorite (Figs. 4a-inset, 5b, 6c; hereafter named as assemblage B (Amp + Mu + Ab ± Chl)). Sporadically lenticular to elongate mineral consisting of intimate
interlayering of 10-Å mica and Fe-rich 14-Å chlorite (Fig.
6c) occur in kelyphitic coronas. Such appearance is indicative to “metamorphic vermiculite” (or “hydrobiotite”), reported only rarely either from schistose rocks formed at
medium temperatures (< 500°C) and low pressures (Ruiz
Cruz, 2003) or from ancient and experimental ceramics
(Rathossi and Pontikes, 2010; Šegvić et al., 2012). Hornblende is commonly rimmed by retrograde tremolite-actionolite that eventually replaces the entire grains of primary amphibole (Fig. 5b). Secondary lenses were frequently reported
in this type of amphibolite consiting exclusively of prehnite
and clinozoisite with some minor albite and chlorite (Fig. 6c).

Clinopyroxene amphibolite
Clinopyroxene amphibolites are fine grained and greenish in colour. They contain about 35% hornblende, 35% plagioclase, 15% epidote, and 10% augite (Figs. 5d, 6e). Minor
phases are titanite, K-feldspar, chlorite, titanite, apatite, and
spinel minerals (Fig. 6d-f). A complete mineral list with respective abundances is provided in Fig. 4b. This assemblage
is named assemblage C (Hbl + Pl + Ep + Cpx ± Ttn ± Kfs ±
Ap). Green hornblende, generally 0.5-1.5 mm in size, defines a nematoblastic texture in which plagioclase is an interstitial phase. The latter is found partly replaced by albite.
An important feature of these rocks is the presence of elongate, xenomorphic clinopyroxene crystals (Fig. 5d) and a
high proportion of fine-grained, granular epidote (Fig. 5e).
Full crystal shapes of clinopyroxene as well as numerous inclusions of amphibolite paragenesis minerals such as titanite
and hornblende (Figs. 5d, 6f) are in favour of a metamorphic origin of clinopyroxene that was originally equilibrated
with the amphibolitic mineral assemblage. The epidote may
be preserved within the crystalloblasts of hornblende (Fig.
6d, sample KD) or may occur as isometric granular blasts.
Textural evidences therefore suggest that the epidote belongs to the prograde metamorphic sequence. Titanite blasts
(Fig. 5d) are ubiquitous and are locally accompanied by ilmenite.
Some strongly banded clinopyroxene-bearing amphibolites are also recognized in this group as shown in Fig. 4b.
They are characterized by layers of medium-grained amphibole and plagioclase (Fig. 4b-upper inset) and layers composed of fine-grained nematoblastic amphibole, isometric
blasts of clinopyroxene and epidote, and plagioclase (Fig.
4b-lower inset). Both types of layers are generally 1-3 cm
thick and clearly define the foliation.
Common amphibolite
Common amphibolites are fine-grained with a typical
”salt and pepper” appearance in hand specimen caused by
white and black flakes present in the rock. These amphibolites are mostly epidote-rich (Fig. 6g), and in the example
shown in Fig. 4c, the modal mineralogy consists of hornblende and epidote (~ 35%), plagioclase (~ 15%), and minor
chlorite, titanite, calcite, and apatite. This paragenesis is
hereafter referred as assemblage D (Hbl + Ep + Pl ± Chl ±
Ttn ± Ap). The rock shows domains rich in plagioclase +
amphibole and amphibole + epidote, respectively (Fig. 4c
inset). The rock texture is clearly nematoblastic outlined by
fine-grained (0.5-2 mm) amphibole, granular epidote, and
interstitial plagioclase.
Common amphibolites have significantly higher average
contents of granular isometric blasts of epidote (up to 2 mm
across) than other varieties but it does not appear in all specimens. Epidote readily encloses smaller grains of hornblende, titanite and apatite and frequently shows signs of alterations in tremolite-actinolite and chlorite (Fig. 6g). Epidote blasts appear to be unstable (fracturation, decomposition, and secondary overgrowing) probably due to its rapid
prograde growth that eventually faced a disequilibration at
somewhat higher metamorphic conditions (Arnason et al.,
1993). Plagioclase is normally found completely replaced
by albite. Euhedral grains of titanite, 0.5-3 mm long, are
common in all samples but may be partly associated with ilmenite. Evidences of retrograde metamorphism are ubiquitous, numbering mostly chlorite and secondary tremoliteactinolite, which form at the expense of hornblende and epidote (Fig. 5f).
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Fig. 4 - QEMSCAN® fieldscan images of different petrographic types of Kalnik Mt. amphibolites depicting their modal mineralogy (in
area %) and textural characteristics. (a) Garnet amphibolite (sample KF). The image inset shows a garnet porphyroblast with a corona
of muscovite, secondary amphibole, albite and minor chlorite. (b) Clinopyroxene amphibolite (sample KO). The upper image inset
shows a band of medium-grained amphibole with plagioclase, whilst the lower one defines a band consisted of fine-grained nematoblastic amphibole, isometric blasts of clinopyroxene and epidote, and plagioclase. (c) Common amphibolite (sample KB). The image
inset shows a rock domain rich in amphibole and epidote with some minor phases scattered throughout.

03Segvic 35 COLORE_Layout 1 24/06/16 10:35 Pagina 41

41
Fractures and veins
All three types of amphibolite contain retrograde cataclastic fractures and veins. The veins consist mainly of cal-

cite and some minor silicate phases, such as prehnite and albite (Figs. 4c, 5f, 6h). This paragenesis is represented by the
assemblage E (Prh + Ab ± Chl ± Ep).

Fig. 5 - Microphotographs of Kalnik Mt. amphibolites thin sections obtained under polarized light. For details see the text. Hb- hornblende, Ttn- titanite,
Hem- hematite, Grt- garnet, Ilm- ilmenite, Ab- albite, Prh- prehnite, Ep- epidote, Cz- clinozoisite, Pl- plagioclase, Cpx- clinopyroxene, Chl- chlorite, Trtremolite, Act- actinolite, Cal- calcite, Pmp- pumpellyite, Bt- biotite, Ms- muscovite. Mineral abbreviations after Whitney and Evans (2010).
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Fig. 6 - SEM back-scattered electron imagery of Kalnik Mt. amphibolites obtained under different magnifications. For details see the text. Mineral abbreviations as in Fig. 5.
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Mineral chemistry
Feldspar
Selected feldspar compositions are shown in Table 1 and
plotted in the classification diagram Fig. 7a. Feldspars are
represented by albite, peristerite, plagioclase, and alkali
feldspar. Plagioclase occurs in samples KD, KF and KO,
having a generally homogeneous composition within a sin-

gle crystal. In the samples KD and KF plagioclase is andesine (An30.9-48.6), whilst in the sample KO it contains oligoclase (An14.4-29.8). Albite and peristerite are reported from
(1) kelyphite around garnet, (2) secondary veins, and (3)
inclusions in amphibole. Their overall composition is
Ab84.2-99.4Or0.1-5An0.2-14.2. Alkali feldspar (Ab13.1Or86.9An0.00) is
reported only in the KO sample.

Fig. 7 - (a) Plot of feldspar compositions in the Ab-An-Or diagram for amphibolites from Kalnik Mt. metamorphic sole. (b) AlIV-(Na + K)A plot of
amphiboles using the classification of Leake et al. (1997). (c) Plot of
clinopyroxene compositions in the En-Wo-Fs (Mg 2 Si 2 O 6 -Ca 2 Si 2 O 6 Fe2Si2O6) diagram with the nomenclature fields of Morimoto (1988). (d)
Variation of Mg# along the garnet porphyroblast in a garnet-clinopyroxene
amphibolite sample KF. (e) Variation of Fe3+/(Fe3+ + Al) along the epidote
in a clinopyroxene amphibolite sample KO.
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Table 1. Selected microprobe analyses and formulae of feldspars from the Kalnik Mt. amphibolites.

Formulae calculated on the basis of 8 oxygens and all Fe as Fe3+. End members are in molar %: Or = 100*K/(Ca+Na+K), An = 100*Ca/(Ca+Na+K),
Ab = 100*Na/(Ca+Na+K). KF – garnet amphibolite, KD and KO – clinopyroxene amphibolites, KB – common amphibolites.

Amphibole
Selected amphibole compositions are shown in Table 2
and plotted in the classification diagram Fig. 7b. According
the classification of Leake et al. (1997), all analysed amphiboles are calcic with a broad compositional range. In the
garnet amphibolites the amphibole is mostly tschermakite
(CaB = 1.665-1.908 a.p.f.u.; Ti = 0.037-0.197 a.p.f.u.; Mg#
[Mg/(Mg+Fe2+)] = 54.904-62.619), whilst in Cpx-amphibolite the amphibole has composition close to the magnesiohornblende-tschermakite-pargasite transition (CaB = 1.8121.966 a.p.f.u.; Ti = 0.043-0.104 a.p.f.u.; Mg#
[Mg/(Mg+Fe2+)] = 50.522-59.778). Amphibole from common amphibolites is either pargasite or retrograde tremolite
(sample KB: CaB = 1.723-1.974 a.p.f.u.; Ti = 0.000-0.172
a.p.f.u.; Mg# [Mg/(Mg+Fe2+)] = 50.207-66.708), otherwise
having the composition of magnesiohornblende to tschermakite (Ca B = 1.801-1.849 a.p.f.u.; Ti = 0.087-0.134
a.p.f.u.; Mg# [Mg/(Mg+Fe2+)] = 54.04-64.167).
The compositional variations of the analysed amphiboles
are essentially controlled by pargasitic substitution vector.
This implies a temperature-controlled metamorphism
wherein the contents of tetrahedral Al and Na in amphibole
site A are highly correlated. The dominant pargasitic substitution trend is not documented by the raise of alumina content toward the grain rims, normally taken as a sign of prograde metamorphism (Raase et al., 1986). Hence, a certain
degree of post-peak re-equilibration of amphibole geochemistry must have taken place.

Clinopyroxene
Selected clinopyroxene compositions are shown in Table
2 and plotted in the classification diagram of Fig. 7c., where
they fall within the field of diopside (Morimoto, 1988). The
overall compositional range of clinopyroxene is 42.4-49.8
wt% Wo, 27.1-36.8 wt% En, and 13.8-26.2 wt% Fs. The
Mg# values vary between 59.2 and 77.9, whereas the total
alumina content is approximately 2 wt %. The Tschermak
enrichment typical for clinopyroxene from high-grade metamorphic facies is not observed (AlVI/AlIV ~ 0.14-0.79) hence
suggesting moderate pressures of metamorphism (e.g.,
Mukhopadhyay, 1991). Clinopyroxene has relatively homogeneous compositions. Zoning is developed next to reaction
coronas and at the overgrowing grains periphery. The zoning pattern is analogue to that of amphibole, testified by by
Al2O3 decrease and increase of Si, Ca and Mg# towards
grain boundaries, which is typical for cooling and decompression (Deer et al., 1996).
Garnet
Selected chemical analyses and formulas of garnet are
shown in Table 2. Garnet bulk compositional range is Py10.217.1Alm51.9-57.8Sp5.3-9.0Gr15.8-25.4And2.4-6.6 with uvarovite and
melanite component as low as 0.3 mole% and 0.8 mole%, respectively. Large garnet porphyroblasts are composite grains
of two or three overgrown blasts (~ 500 µm. Microprobe
profiles across two garnet porphyroblasts reveal different
compositional zoning patterns. In Fig. 7d, a composite grain

Garnet formulae calculated on basis of 12 oxygens and 8 cations. # coresponds to discrete garnet porphyroblast. Clinopyroxene formulae calculated on the basis of 6 oxygens and 4 cations. Amphibole formula calculated
on the basis of 23 oxygens and 15 cations excluding Na and K; H2O is value corresponding to 1(OH) p.f.u. KF – garnet amphibolite, KD and KO – clinopyroxene amphibolite, KB, KM and KN – common amphibolite. sec
= secondary paragenesis.

Table 2. Selected microprobe analyses and formulae of garnet, amphibole and clinopyroxene from the Kalnik Mt. amphibolites.
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profile of two blasts displays a slight core to rim increase in
the pyrope component at the expense of the almandine component. The second profile of a single blast of garnet reveals
a faint zonation with a grossularite component increasing towards the rims. Generally, the flat profile patterns suggest
garnet equilibration and homogenisation by cation volume
diffusion under peak P-T conditions of metamorphism (e.g.,
Woodswarth, 1977). However, the slight “U” shape of pyrope concentration pattern, accompanied by an opposite
trend of almandine and spessartine abundances should imply
a prograde metamorphic event (e.g., Romano et al., 2006).
Epidote
Epidote is reported from samples KO and KB. Selected
compositions are shown in Table 3. Epidote typically occurs
in form of aggregated mineral clusters or as discrete idioblastic to xenoblastic grains which are strongly zoned with
Fe-poor rims and Fe-rich cores. This is depicted in Fig. 7e,
wherein the XFe= [Fe3+/(Fe3+ + Al)] ratio is approximately
0.25 at the core, whilst toward rims it achieves a value of
0.29. A zoning of this kind is a characteristic feature of prograde epidote growth under low to medium grade metamorphic conditions (Beiersdorf and Day, 1995).
Other minerals
Selected chlorite compositions are shown in Table 3. Total cation number is found to be slightly below 10, suggesting a dominant presence of divalent iron, thus classifying
the analysed chlorites as trioctahedral. The Kalnik Mt. chlorites are present in all types of amphibolite and have a retrograde origin. According to Hey (1954) the analysed chlorite
is dominantly pycnochlorite (samples KB and KF: XFe = 4565), and less commonly diabantite (samples KD and KO:
XFe = 40-45) and ripidolite (sample KF: XFe = 85).
Selected titanite compositions are shown in Table 3. Titanite is generally Al-rich (up to 3.96 wt% Al2O3) with
moderate Fe contents (up to 3.39 wt% Fe2O3). Titanium
varies from 0.78 to 0.97 a.p.f.u., indicating a variable substitution according to (Al, Fe3+) + (OH, F) ↔ Ti4+ + O2-. However, data shows that in most titanites the Ti content reaches
the maximum per formula unit, which is attributed to high
grade metamorphic conditions and titanite prograde origin
(Higgins and Ribbe, 1976). Commonly, such titanite
emerges as an isometric medium-sized (~ 30-50 µm) inclusion in amphiboles and pyroxenes or, rarely, forms ellipsoidal blebs. A low-Ti titanite (~ 0.77 a.p.f.u.) is only reported from the sample KF, where it occurs as inclusion in
amphiboles accompanied by ilmenite. According to Harlov
et al. (2006) ilmenite may produce titanite via retrograde hydration and oxidation through reactions with clinopyroxene
and amphibole, respectively.
Minor and accessory silicate phases observed either in
matrix, veins, or as inclusions are prehnite, Fe-pumpellyite,
and muscovite (white mica). Their compositions are shown
in Table 3. Prehnite and pumpellyite occur as secondary
phases formed after plagioclase dissolution, whilst muscovite is recovered from garnet reaction zone in sample KF
(assemblage B). The compositions of minor oxides are
shown in Table 4. Ilmenite with higher content of pyrophanite component (Ilm0.56-0.69Pfn0.22-0.39Hem0.07-0.21) is reported
in samples KF and KN. Another opaque phase reported in
the former sample is brookite with a tendency toward the
end-member ferro-pseudobrookite composition (Fe2+0.5243+
0.753 Fe 0.437-0.774 Ti1.605-1.780).

whole-rocK geocheMistry
Major and trace elements compositions of amphibolites
from Kalnik Mt. are given in Table 5. All the rocks are characterized by relatively uniform contents of SiO2 (43.5648.49 wt%) and Al2O3 (13.24-15.49 wt%) typical of basaltic
rocks. The CaO abundances are low to moderate (8-14
wt%), with XMg varying between 50.8 and 65.8. Potassium
amounts (0.43-1.79 wt%) is consistent with metabasite protholiths, whereas somewhat higher content of Na2O (2.503.94 wt%) may reflect post-magmatic modifications.
Volatile components (H2O + CO2) range from ~ 1.6 to 4.7
wt%, being the lowest in Grt-Cpx and Cpx amphibolites,
thus reflecting the comparatively higher metamorphic conditions under which these varieties were formed.
Primitive mantle-normalized trace element abundance patterns and chondrite-normalized REE patterns are presented in
Fig. 6 (normalisation values after Hofmann, 1988; McDonough and Sun, 1990). All the normalized REE curves show
smooth parallel trends with LREE depletion ((LaN/SmN =
0.54-0.82), nearly flat HREE (TbN/LuN = 0.98-1.16) at maximum 25 times chondrite abundances (Fig. 8a). Similar REE
patterns correspond to those of Normal Mid Ocean Ridge
Basalt type (N-MORB-type) oceanic crust originated from a
depleted mantle source devoid of any residual garnet (e.g.,
Wood and Banno, 1973). The majority of analysed amphibolites show a slightly negative Eu anomaly (Eu/Eu* = 0.910.99), which is characteristic of some fractionation of magmatic plagioclase. Yet, the REE normalized curves of samples KA, KB, and KL (Fig. 8b) are marked by comparatively
lower HREE normalized values (maximum 15 times relative
to chondrite) and a pronounced positive Eu anomaly (Eu/Eu*
= 1.36-2.22), which is typical of cumulate gabbroic rocks.
Primitive mantle-normalized trace element concentration
diagram of the amphibolites with basaltic and cumulate protoliths are reported in Fig. 8c-d, respectively. All samples
show LIL-elements (Rb, Ba, and K) enrichment and moderately flat curve trends for the less incompatible elements.
High-field-strength elements (HFSE) show peculiar subduction zone geochemical signatures such as a slight Nb-Ta, as
well as P and Ti negative anomalies. The amphibolites with a
cumulate imprint displayed by Eu positive anomaly are characterized by Sr enrichment (Fig. 8d) which reinforces the hypothesis of plagioclase-rich gabbroic cumulate protholiths.
discUssion
nature and geotectonic setting of the igneous protoliths
Apart from the loss of volatile components, metamorphism is considered to be essentially an isochemical process
(e.g., Greenfield et al., 1998). In other words, the major and
trace element concentrations in metamorphic rocks reflect
the composition of their respective protoliths and are of essential importance in petrogenetic considerations. Still, the
composition of different metabasites can differ from their
protoliths. This may be caused by hydrothermal alteration,
weathering and retrograde metamorphism (Vernon and
Clarke, 2008). In particular, the LIL elements, such as Cs,
Rb, Ba, K, and U, are susceptible to deuteric processes due
to their fluid-mobile behaviour (e.g., Rollinson, 1993). The
retrograde processes affect the major element concentrations
in metamorphic rocks only rarely, usually yielding changes
of Fe/Mg ratios or Si depletion. Hence, in this study only
the abundances of relatively immobile minor elements such

Epidote calculated on basis of 12.5 oxygens and all Fe as Fe2O3. Titanite calculated on basis of 5 oxygens and all Fe as Fe2O3. Chlorite calculated on the basis of 14 oxygens and all Fe as FeO. Pumpellyite calculated on the
basis of 12 oxygens and all Fe as FeO. Mica calculated on basis of 11 oxygens and all Fe as FeO. H2O is estimated value corresponding to 1(OH) p.f.u. for epidote, 8(OH) p.f.u. for chlorite, 2(OH) and 1H2O p.f.u. for
pumpellyite, and 2(OH) p.f.u. for mica. KF – garnet-clinopyroxene amphibolite, KD and KO – clinopyroxene amphibolites, KB, KM and KN – common amphibolites.

Table 3. Selected microprobe analyses and formulae of epidote, titanite, chlorite, pumpellyite and mica from the Kalnik Mt. amphibolites.
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Table 4. Selected microprobe analyses and formulae of rutile, ilmenite, hematite and Fe-Ti oxide from the Kalnik
Mt. amphibolites.

KF – garnet amphibolite, KD and KO – clinopyroxene amphibolites, KB, KM and KN – common amphibolites.

as high-field strength elements (HFSE) and rare-earth elements (REE) were considered for the purpose of petrogenetic and geotectonic considerations (e.g., Shervais, 1982).
The Ni vs. Mg# relationship in analysed metabasites reveals a broad positive correlation (r’ = 0.76, Fig. 9a). Such a
regular Ni-Mg# trend is encountered in basic magma series
produced by variable amounts of olivine fractionation. If
any non-igneous processes had affected the basaltic protolith, or the protolith was not a magmatic rock, the Ni-Mg#
trend would have not been maintained. This is in agreement
with the HFSE ratios, i.e. low and high values of Nb/Y
(0.04-0.11) and Zr/Nb (25-35), respectively, and a slight
LREE depletion with respect to HREE with LaN/YbN ~ 0.68
(Fig. 8a-b). Zr/Ti and Nb/Y ratios (Winchester and Floyd,
1977) define the analysed rocks as subalkaline basalts (Fig.
9b). The ratios of incompatible elements like La/Sm and
Zr/Nb, insensitive to magmatic differentiation (e.g., Pearce
and Peate, 1995), range from 0.9-1.2 and 20.2-35.3, respectively. These values are characteristic of Transitional to
Normal MORB magmas (e.g., Mahoney et al., 1993). Based
on the Ti/Cr vs. Ni and the discrimination criteria suggested
by Beccaluva et al. (1980) on magma affinities in ophiolites,

most of the samples are defined as high-Ti basalts, with the
exception of samples KA, KB, and KL, classified as low-Ti
basalts. This is considered typical for MORB and SSZ
(Supra-subduction Zone) affinity, respectively. Samples
classified as low-Ti basalts correspond to those earlier defined as gabbroic metacumulates inferred by their characteristic Eu and Sr anomalies (Fig. 8).
The geochemical evidences presented above enable a
classification of magmatic protoliths of the Kalnik Mt. amphibolites into two, genetically related groups. As a whole,
the incompatible trace elements suggest MORB affinity of
the parental magmas coupled with some minor SSZ influences (Fig. 8). In several discrimination diagrams based on
incompatible trace element contents (Fig. 10) these rocks
clearly form a SSZ array between MORB and island arc
tholeiite (IAT) thus representing the geochemistry of backarc basin basaltic extrusives (BABB; group of high-Ti
metabasalts) and IAT-like intrusives (group of low-Ti
metacumulates - samples: KA, KB and KL). It should be
noted, however, that the V-Ti/1000 plot (Fig. 10d) has been
used for basaltic extrusives only due to the possible enrichment or depletion of Ti in meta-cumulates.
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Fig. 8 - (a-b) REE-normalized patterns (McDonough and Sun, 1990) and (c-d) Primitive mantle normalized multi-element patterns (Hofmann, 1988) for amphibolites from the Kalnik Mt. metamorphic sole.

Fig. 9 - (a) Ni-Mg# variation diagram for amphibolites from the Kalnik Mt. metamorphic sole. (b) Classification diagram Zr/TiO2*0.0001-Nb/Y after Winchester and Floyd (1977) for amphibolites from the Kalnik Mt. metamorphic sole.

03Segvic 35 COLORE_Layout 1 24/06/16 10:35 Pagina 50

50
Table 5. Chemical composition of Kalnik Mt. amphibolites.

Mg# = 100*MgO/(MgO + 0.8*FeOtot). KF – garnet-amphibolite, KD and KO – clinopyroxene amphibolites, KA, KB, KL, KM, KN – common
amphibolites.
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Fig. 10 - Discrimination diagrams for the amphibolites from the Kalnik Mt. metamorphic sole. (a) Th-Nb/16-Hf/3 diagram (Wood 1980). A- normal midocean ridge basalts (N-MORB); B- enriched MORB (E-MORB) and within-plate tholeiites (WPT); C- alkaline within-plate basalts (AWPB); D- calc-alkaline
basalts (CAB); E- island-arc tholeiites (IAT); 1- crustal contamination; 2- SSZ ophiolites trend; 3- MORB ophiolites trend. Data for back-arc basin basaltsBABB (shaded field) compiled from Saunders and Tarney (1979), Weaver et al. (1979), Crawford and Keays (1987), Jahn (1986), Leat et al. (2000). (b) NbNThN diagram. Fields of different basaltic rock-type from the Albanide-Hellenide ophiolites are taken from Saccani et al. (2011). N-MORB, E-MORB and OIB
are from Sun and McDonough (1989). T-MORB are from Geshi et al. (2007). (c) La/Hf-Th/Nb diagram (Paktunc 1990). (d) Ti/1000-V diagram (Shervais
1982). Data for field of Middle Jurassic Medvednica Mt. SSZ MORB and IAT effusives and dykes from Slovenec and Lugović (2009), for Middle Jurassic
Ivanščica and Kalnik Mts. SSZ MORB and medium-Ti IAT effusives from Slovenec et al. (2011), for Cretaceous Kalnik Mt. BABB isotropic gabbros from
Lugović et al. (2015), for Middle Cretaceous Moslavačka Gora Mt. olivine gabbro from Balen et al. (2003a), for Late Cretaceous Papuk Mt. BABB volcanites
from Pamić et al. (2000) and for Late Cretaceous North Kozara Mt. mafics from Ustaszewski et al. (2009).

Metamorphic conditions
The retrograde processes which affected the metamorphic
rocks of Kalnik Mt. caused albitization of plagioclase in
most analysed samples, thus enabling the calculation of
metamorphic temperatures based on amphibole - plagioclase
equilibrium only in a limited number of samples (Table 6).
On the other hand, the pressures conditions could be determined only for the garnet-bearing amphibolites. The peak
metamorphic conditions were defined by the assemblage A
(Hbl + Grt + Pl + Cpx), which corresponds to a temperature
of 790±20ºC and pressures of 0.79 to 1.04 GPa. The pressure

estimates were made using both Mg and Fe calibrations and
differences between the two are probably due to recalculations of Fe3+ in garnet and estimation of the andradite content
(Kohn and Spear, 1990). Such peak values of metamorphic
pressures and temperatures are in agreement with Na(M4)
contents (0.4-0.6 a.p.f.u.) and AlIV/AlVI ratios (~ 2.70-4.24) of
the amphiboles, which indicate pressures exceeding 0.5 GPa
(Table 2, e.g., Raase et al., 1986). For the prograde assemblage C (Hbl + Pl + Ep + Cpx ± Ttn ± Kfs ± Ap) of the
clinopyroxene amphibolites lower temperatures were estimated (660±50ºC). Yet, these might have been slightly underestimated considering that the appearance of clinopyroxene in
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Table 6. Results of geothermobarometric calculations for amphibolites from the Kalnik
Mt. amphibolites.

KF – garnet-clinopyroxene amphibolite, KD and KO – clinopyroxene amphibolites, KB, KN, KM – common
amphibolites. x – pressures and temperatures impossible to calculate due to the lack of garnet or complete alteration of plagioclase, respectively.

Opx-free metabasic systems requires a minimum temperature of about 700°C (Guilmette et al., 2008). The peak metamorphic conditions for the assemblage A are further corroborated by the lack of metamorphic epidote in the first type of
amphibolite (assemblage A), suggesting its complete consumption by the prograde metamorphism, whereas in the
second type of amphibolite (assemblage C) epidote is still
preserved. Finally, the experimental studies on natural, lowK, calcic amphibolites showed that at about 1.0 GPa and 750
to 1000°C garnet first appears at 850°C (Wolf and Wyllie,
1994), which is consistent with the estimated peak conditions. Despite the difficulties in P-T calculations caused by
retrograde processes, evidence for a prograde metamorphic
evolution for garnet- and clinopyroxene amphibolite is thus
provided. For the clinopyroxene amphibolite, the prograde
trend is well traced by the “U”-shaped deployment of the
pistacite component in epidote and by the appearance of
clinopyroxene. The garnet amphibolite represents a peak
metamorphic assemblage defined by the formation of garnet
porphyroblasts following the reaction of amphibole and plagioclase, as well as the disappearance of epidote. Although
for common amphibolites it was not possible to determine
metamorphic conditions due to plagioclase albitization, they
may have been characterized by lower values of peak metamorphism insufficient to initiate amphibole dehydration to
form clinopyroxene and An-rich plagioclase at around 750800°C (e.g., Bucher and Frey, 1994).
The retrograde evolution of the amphibolites is documented by garnet decomposition and widespread formation
of low-grade hydrous minerals. The origin of garnet kelyphitic rims is usually explained by retrograde metamorphism under decreasing pressure conditions, which led to
garnet breakdown and formation of hydrous secondary
species (e.g., Prakash et al., 2007). The appearance of
“metamorphic vermiculite”, an intimately interlayered 10-Å
mica and Fe-rich 14-Å chlorite, was also documented in the
garnet kelyphitic coronas. This testifies garnet instability at
low-grade metamorphic conditions taking into account that
this mineral forms at T < 500°C and low pressures (0.2-0.4
GPa) (Ruiz Cruz, 2003). Most common retrograde phases in
the amphibolites include acicular actinolite, muscovite,
chlorite, and albitic plagioclase. Fe-pumpellyite and
prehnite also replace plagioclase, whereas secondary amphibole (tremolite-actinolite), chlorite, and clinozoisite form at
the expense of primary amphibole and epidote. Calcite with
minor clinozoisite, prehnite and albite is found as infill of

veins and fractures. The clinozoisite-pumpellyitetremolite/actinolite-albite-chlorite mineral associations indicate retrograde P-T conditions of around 0.2-0.6 GPa at
300-400°C (Parkinson, 1998). The retrograde re-equilibration was linked to exhumation and metamorphic rock emplacement, which led to a greenschist to sub-greenschist facies overprint.
nature of metamorphism and regional geodynamic
significance of Kalnik Mt. amphibolites
Geochemistry of the analysed metabasites allows to recognize high-Ti BABB tholeiitic extrusives and low-Ti
IAT-like cumulates as the most plausible protoliths of
Kalnik Mt. amphibolites (Figs. 8, 10). Such igneous precursors are linked to mantle-derived basaltic melts formed
at a back-arc spreading centre as suggested by HFS elements depletion, which are typical features of supra-subduction-related (SSZ) igneous rocks (Gill, 2010). The composite affinity of SSZ-related igneous protolith of the
Kalnik Mt. amphibolites (i.e. extrusives vs. cumulates)
supports an origin in a initial intra-oceanic subduction setting of a back-arc oceanic environment (e.g., Lázaro et al.,
2013). The occurrence of such composite mafic series consisting of both cumulate and extrusive igneous rocks is encountered in many ophiolite complexes where a metamorphic sole is documented, e.g., Dinarides (Bosnia), Pamić et
al., 2002; Albanides (Albania), Gaggero et al., 2009; Semail (Oman), Godard et al., 2006; Eldivan (Turkey), Dangerfield et al., 2011. Tectonic juxtaposition of different
oceanic segments brought together during the ophiolite obduction and emplacement is usually considered responsible
for such a tectonic mixing of distant bodies of BABB
oceanic crust (Lázaro et al., 2013).
In an attempt to identify the protolith(s) of Kalnik Mt.
amphibolites and to put them and their metamorphic derivatives in the geotectonic frame of Tethyan Mesozoic development, we compared the geochemistry of Triassic and
Jurassic mafic rocks scattered throughout the Sava Unit
(Fig. 1; e.g., Slovenec and Lugović, 2008; 2009; Slovenec et
al., 2010) with the composition of the amphibolites of this
study (Figs. 10d, 11). Additionally, the basaltic igneous
rocks of the Kozara Mt. (North of Bosnia and Herzegovina),
thought to have been generated in a Cretaceous marginal
basin (Fig. 1), were also taken into account as potential protoliths. The normalized values of REE concentrations in the
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Kalnik Mt. amphibolites compared with its counterparts
from a set of potential magmatic protoliths indicate the Middle Jurassic SSZ ophiolitic rocks of the Sava Unit as the
most likely precursor rocks (Fig. 11).
Despite a lack of general consensus on the geotectonic
affinity of mafic rocks from the studied area (Dinaric vs.
Meliata-Maliac), tectono-magmatic evolution of the crust
formed in different oceanic settings is well documented
(Slovenec and Lugović, 2008; 2009; Slovenec et al., 2010;
2011; Kiss et al., 2012; Lugović et al., 2015). The oceanic
crust started to form at a spreading ridge in Ladinian time
(Fig. 12a), following an earlier continental rifting, and lasted until the Middle Jurassic (Bajocian; Fig. 12a). The initiation and onset of intraoceanic subduction commenced
thereupon in the Bathonian time, recorded by subduction of
an active oceanic ridge crust (Fig. 12b). Such a regime with
new-born infant proto-arc prograded toward the creation of
a back-arc basin in upper Middle to mid Late Jurassic
(Callovian - Kimmeridgian), possibly as a result of slab
roll-back (Fig. 12b-c). Widespread high-Ti BABB and
MOR extrusives and low-Ti IAT lavas and composite fragments of SSZ upper crust, both likely to be precursors of
studied amphibolites, characterize this step of geodynamic
evolution of nowadays Sava Unit igneous suites. The
biggest portion of the crust was consumed during the final
closure of Dinaric Tethys at the Late Jurassic (Fig. 12d),
whilst only remnants of ancient crust have been preserved
as slices and blocks in the ophiolite mélange formed in an
accretionary wedge that was obducted onto the northern
passive margins of Adria at the onset of the Cretaceous
(e.g., Festa et al., 2010; Fig. 12e).
Taking into account the field relationships, geochemical
similarities, and petrology of their igneous protoliths, the
Kalnik Mt. amphibolites can be considered as a metamorphic sole originated in a nascent subduction/obduction system formed in response to the onset of convergent processes
near a back-arc oceanic spreading axis where the oceanic
lithosphere was still hot (Bortolotti et al., 2002; Robertson,
2004; Dewey and Casey, 2011; Saccani et al., 2011). In the

model we propose (Fis. 12b-c), the Middle Jurassic highand low-Ti mafic rocks that evolved in a BAB spreading
ridge, were affected by the pre-Tithonian subduction initiation in a way that closely corresponds to the models developed for Oman ophiolites (e.g., Boudier et al., 1985; 1988).
Belonging to the oceanic crust of the lower plate these mafic
rocks re-crystallized when overthrust by young and hot
oceanic lithosphere (Fig. 12c, enlarged detail). As reported
for many Tethyan ophiolites this metamorphic sole was
henceforth detached from the down-going plate (Fig. 12c,
enlarged detail) and finally thrust on the Adria margin (Fig.
12d-e) within the next 10-15 Ma (i.e. until Early Cretaceous,
Pamić et al., 2002; Balen et al., 2003a; 2003b; Bortolotti et
al., 2005). The estimated peak temperature conditions (700800°C) are within the typical range suggested for the metamorphic sole, whilst the estimated pressures of approximately 0.8 to 0.9 GPa suggest that magmatic protoliths have
never been dragged at great depth (> 30 km at geostatic gradient of 35 km/GPa). Still, the thickness of peridotite blocks
in the Kalnik Mt. ophiolite mélange does not support such
pressures (Šimunić et al., 1981). This apparent disproportion
in pressure poses a known problem in the explanation of the
sole rock genesis and several explanatory models have so
far been proposed (e.g., Robertson, 2004). The widely accepted model of Hacker and Gnos (1997) and Casey and
Dewey (1984) advocate the thinning of a mantle section
during the intraoceanic subduction, which may lead to the
extensional collapse of the overlying ophiolite once the
deeper subduction levels are reached. Metamorphic pressures are, however, consistent with the development of a
new supra-subduction environment in the pre-existing
spreading centre(s) of back-arc setting (Fig. 12c, enlarged
detail). Furthermore, the proposed prograde metamorphic
evolution of the Kalnik Mt. metamorphic sole well approaches the category of “high-temperature” soles (600750°C and 0.9-1.1 GPa) of Flower and Dilek (2003) and is
compatible with the model of Peacock et al., (1994) which
describes metamorphism of young subducted oceanic crust
under hot mantle at a constant shear.

Fig. 11 - (a) and (b) Chondrite-normalized REE patterns (McDonough and Sun, 1990) for Middle Jurassic Medvednica Mt. SSZ MORB and IAT effusives
and dykes (Slovenec and Lugović, 2009), Middle Jurassic Ivanščica and Kalnik Mts. SSZ MORB and IAT (Slovenec et al., 2011), Late Cretaceous Papuk Mt.
BABB volcanics (Pamić et al., 2000), Late Cretaceous North Kozara Mt. Mafic rocks (Ustaszewski et al., 2009) and Cretaceous Kalnik Mt. gabbros (Lugović
et al., 2015).
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Fig. 12 - Rough shematic geodynamic evolutionary model for the north-western branch of Dinaric-Vardar Tethys (not to
scale). (a) The spreading stage. (b) The early stage of the subduction with formation of an infant proto-arc and ridge in the
ensimatic marginal (back-arc) basin. (c) The back-arc near-ridge subduction stage. Sketch detail: initiation of intra-oceanic
subduction and formation of metamorphic sole and subsequent early exhumation of metamorphic sole relative to the ophiolite (adapted after Wakabayashi and Dilek, 2003). (d) The evolved subduction stage and progressive accretionary emplacement. (e) The ophiolite obduction and final stage of oceanic closure.
1- mantle diapir, 2- oceanic crust with radiolarian cherts, 3- raising of the mantle diapir, 4- melting zone; AP- accretionary
prism BAB- back-arc basin.
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As mentioned above, a maximum time span of ~ 20 Ma
can be constrained between the initial subduction of midJurassic mafic suites in the back-arc setting that gave rise to
the formation of studied amphibolites and their final emplacement/obduction as a part of ophiolitic mélange on top
of the Adria passive margins during Tithonian to Berriasian
(Fig. 12c-e). The entire process of subduction initiation in a
back-arc setting, proto fore-arc development, initial subduction, and crust-continent collision likely took place in a very
short time. According to Dewey and Casey (2011) the thermal thickening of the fore-back-arc system is maintained by
its position above the down-going oceanic crust and if obduction onto a continental margin is to occur, it must take
place within 10-15 million years, which is in good agreeemnt with our reconstruction of the Kalnik Mt. amphibolite
evolution. Otherwise, if the age of upper ophiolite plate
would have exceeded significantly 20 Ma, the lithosphere
becomes too thick to obduct, bulldozing the continental
margin it collides with.
An alternative to the proposed petrogenetic model for the
Kalnik Mt. amphibolites is regional (Barrovian) metamorphism, which took place at the time of collision and subsequent obduction of an infant oceanic arc and related suprasubduction ophiolites of the Dinaric Neotethys on the passive margins of Adria microplate in Late Jurassic-Early Cretaceous (Belak et al., 1995). The ortho-greenschists of the
neighbouring Medvednica Mt. (Figs. 1-2) are thought to
have originated following this mechanism (Lugović et al.,
2006). Still, ascribing the origin of the investigated amphibolites to the regional metamorphism and ophiolite obduction
raise several issues. First, the collisional regional metamorphism would require a substantial crustal thickening and deformation of the continental margin structural pile, which is
difficult to reconcile with the field relations of the NW Adria
margins (Pinter et al., 2006; Handy et al., 2010). Even if the
episodic orogenesis did occur it lasted relatively shortly, assuming it coincided with the Oxfordian to Beriassian ophiolite obduction (Belak et al., 1995), which is inconsistent with
the conductive heat transfer in over-thickened crust seen as a
thermal cause of metamorphism (e.g., England and Thompson, 1984). Moreover, no syn-orogenic intrusive rocks that
could have served as heat source are reported in the Sava
Unit (Pamić, 1997b). If the origin of the amphibolites is to be
linked to the obduction of hot ophiolite slab only, some additional concerns may come forth. The estimated metamorphic
pressures for instance (0.8 to 0.9 GPa, Table 6) are not attainable, whilst the recent one-dimensional heat modelling
made for the obduction of 900°C, 10-km-thick oceanic
lithosphere onto a cold continental margin (200°C) predicts
temperatures greater than 400°C only in the upper 2 km of
the footwall (Chew et al., 2010). However, this is at variance
with the peak metamorphic temperatures obtained for the
Kalnik Mt. amphibolites (700-800°C, Table 6). Such mechanism rather explains the metamorphism of passive margin
sediments under medium- to low-grade conditions during
obduction of the ophiolitic napes as reported in many
Tethyan ophiolites (e.g., Cluzel et al., 2012).
Assessing the above mentioned geotectonic scenarios
and bearing in mind that most of the field information on
analysed amphibolites was derived from an ophiolite
mélange where it is very difficult to reconstruct the original
relations between the units, we propose the Kalnik Mt. amphibolites formed as a metamorphic sole in the Middle to
Late Jurassic back-arc basin of Dinaric Tethys at the onset
of subduction/thrusting processes. Late Jurassic and Early

Cretaceous obduction of Dinaric ophiolites may have also
transported parts of the metamorphic sole rocks onto the
NW margins of Adria microplate incorporating them in present-day ophiolite mélange of Sava Unit.
conclUsions
Nemato- to granoblastic lenses of fine-grained amphibolites outcrop in hectometre-sized blocks in the ophiolite
mélange of the Kalnik Mt. in northwest Croatia. Based on
petrological and geochemical evidences we infer that these
rocks present relics of a metamorphic sole formed in an incipient subduction zone of the back-arc basin of northern
segment of Dinaric Tethys. The age of the igneous protoliths suggest that the metamorphic event most likely occurred in Upper Jurassic pre-Tithonian time. The back-arc
supra-subduction setting was short-living (~ 20 Ma), lasting
until the final obduction of ophiolites, including the sole
amphibolites, onto the northern passive margins of Adria in
Late Jurassic and Early Cretaceous, as suggested by geological evidences. Based on metamorphic paragenesis, three
types of amphibolites were recognized: (b) garnet amphibolite, (b) clinopyroxene amphibolite and (c) common amphibolite. Using conventional thermobarometers for mafic
rocks, peak metamorphic conditions were estimated to have
reached approximately 800°C and 0.8 to 0.9 GPa, whilst the
retrograde mineral assemblages correspond to greenschist to
sub-greenschist facies conditions. Immobile trace element
geochemistry indicate back-arc ridge tholeiitic extrusives
and island arc tholeiitic cumulates as igneous protoliths of
the amphibolites. This study provides the first detailed piece
of evidence for the occurrence of metamorphic sole rocks in
Sava Unit of NW Dinarides. It also provides additional constraints on the Late Jurassic - Early Cretaceous Neotethyan
geodynamics marked by the subduction in a back-arc basin
and penecontemporaneous ophiolite emplacement.
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