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Abstract

The Rupnica geosite, a key locality of the UNESCO-protected Papuk Geopark in northern Croa-
tia, is well-known for an excellent exposure of columnar jointing in volcanic rock. This rock is
defined as an albite rhyolite that comprises almost pure albite phenocrysts within a fine-grained
matrix composed of microphenocrysts of albite, quartz and devitrified volcanic glass. Primary
accessory minerals are clinopyroxene, apatite, zircon and magnetite. Haematite, apatite and
anatase were found as inclusions in zircon. The albite rhyolite is characterized by a highly sili-
ceous, peraluminous, oxidized (ferroan), dry, alkali-calcic to alkalic composition, with low CaO,
MgO, and MnO contents and high FeO+/(FeO++MgO) ratios. Normalized trace element contents
display positive anomalies of K, Pb, and Zr as well as negative anomalies of Nb, P, Ti, Ba and
Eu, together with an enrichment of light rare-earth elements (REE) relative to heavy REE. Zircon
from the rhyolite of Rupnica is characterized by ratios of Th/U=1.13 and Zr/Hf=55 and contents
of HfO,=1.04 wt. % typical for an early-stage igneous zircon crystallized from a dry high-tem-
perature magma in a deep magma chamber. Apatite REE patterns show enrichment of light REE
over heavy REE and a pronounced Eu anomaly, typical for apatite from granitoids formed in an
oxidizing environment. The magma is of A-type and was generated at high temperatures at
800-900 °C by partial melting of lower- to mid-crustal rocks. The age of the albite rhyolite of
Rupnica is Late Cretaceous at 80.8+1.8 (20) Ma, according to U-Pb dating of zircon, coeval with
geochemically similar igneous rocks of Mt. PoZzeSka Gora and Mt. Kozara within the Sava Zone.

1. INTRODUCTION

Mt. Papuk, situated at the southern edge of the Pannonian basin
in northern Croatia (Fig. 1a), is characterized by a complex geo-
logical evolution that comprises several orogenic events
(JAMICIC, 1983; BALEN et al., 2006, 2013; HORVATH et al.,
2010). These events led to a variety of rocks and complexes such
as granitoids and metamorphic complexes of pre-Variscan, Va-
riscan and Alpine ages. Together with Late Permian—Jurassic
sedimentary rocks, these complexes are part of the Tisia Mega-
Unit and are surrounded by Neogene and Quaternary sedimen-
tary rocks and sediments of the Pannonian basin (JAMICIC,
1983, 1988; PAMIC et al., 1988; PAMIC & LANPHERE, 1991a).
In addition to the rocks of the Tisia Mega-Unit and those of the
Pannonian basin, there are relatively small occurrences of volca-
nic rocks in the vicinity of the town of Voé¢in JAMICIC &
BRKIC, 1986; JAMICIC et al., 1987, 1989; JAMICIC, 1989;
PAMIC, 1991). Among them are rocks of the Senonian basalt-
thyolite formation (PAMIC, 1997), outcropping at Mt. Papuk near
Voéin known as the Vocin volcanic mass (PAMIC, 1991). These
rocks are difficult to distinguish from similar-looking Miocene
volcanic rocks in northern Croatia. Based on micropalaeontolo-
gical records and geological relationships (JAMICIC & BRKIC,
1986; JAMICIC et al., 1987, 1989; JAMICIC, 1989; BELAK et
al., 2000), it is concluded that the Miocene rocks are related to
the evolution of the Pannonian basin. The age of the Vo¢in vol-
canic rocks is questionable, because only K-Ar dating on associ-
ated basalts (72.8-51.7 Ma, PAMIC, 1991) and basalt cores from

drillholes across the Sava depression (83.4-32 Ma, PAMIC, 1997)
are available. The similar petrography and appearance of the
Vo¢in and Miocene volcanic rocks, as well as the lack of reliable
dating led to the above-mentioned age controversies, which also
led to different views on the petrogenesis and geodynamic setting
of the Vo¢in rocks.

The Rupnica locality is a key outcrop of the Vo¢in volcanic
rocks with an excellent exposure of columnar jointing (BALEN
& PETRINEC, 2014), and is the first protected geosite, i.e. “Geo-
logical Monument of Nature”, in Croatia. The exposed rocks are
albite and aegirine-albite rhyolites (TAJDER, 1956, 1960). Al-
though these rocks are exposed in a part of the Tisia Mega-Unit,
they do not belong to it because volcanic rocks cross-cut through
the rocks of the Tisia Mega-Unit (JAMICIC & BRKIC, 1986).
Intense magmatic activity also took place in the Late Cretaceous
within the adjacent geotectonic unit called the Sava (-Vardar)
Zone (PAMIC, 1993) or Sava suture zone (SCHMID et al., 2008,
2020). The timing of geological processes in this zone and the
geochemical features of volcanic rocks also show similarities to
the characteristics of the Vo¢in volcanic rocks at the Rupnica lo-
cality. For this reason, we re-evaluated the petrographic and geo-
chemical signatures of the albite rhyolite of Rupnica and deter-
mined the trace and isotopic geochemistry of zircon and apatite
to unravel and reconstruct the origin, evolution and especially the
age of this rock.

Albite rhyolite is a type of acidic high-temperature volcanic
rock, which compared to ordinary rhyolite, has high alkali con-
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tents (with Na predominating over K) and shows low concentra-
tions of Ca and Mg (TAJDER, 1953, 1960; BALEN & PETRI-
NEC, 2014). Moreover, albite rhyolite is often subjected to various
alteration processes with zircon being the only remaining pri-
mary magmatic and unaltered mineral suitable for dating. In ad-
dition, the determination of minor and trace elements in zircon
and apatite can provide further geochemical information on
magma evolution and petrogenesis. Our U-Th-Pb zircon dating,
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which is an improvement of previous age estimates, opens the
link to the occurrence of igneous rocks with similar geochemis-
try and age in the vicinity of the Rupnica site.

2. GEOLOGICAL SETTING

2.1. Tisia Mega-Unit

The geology of Mt. Papuk is dominated by the Tisia (also Tisza,
Tisa) Mega-Unit. This complex and composite unit is regarded
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Figure 1. Simplified maps of the Dinaride-Alpine-Pannonian region showing: (a) the mountain belts and Pannonian basin and (b) major structural units after
SCHMID et al. (2008, 2020). Map modified after LUZAR-OBERITER et al. (2012). (c) Mt. Papuk geological map (after JAMICIC & BRKIC 1986; JAMICIC et al. 1987, 1989;
JAMICIC 1989; CROATIAN GEOLOGICAL SURVEY 2009). The position of the study area is marked by the rectangle and circled stars. Legend: 1 - metamorphic rock
complex (Precambrian); 2 - progressive metamorphic series (Ordovician-Devonian); 3 - metamorphic rock complex (Ordovician-Devonian); 4 - granitic rocks (Or-
dovician-Devonian); 8 - Variscan/Hercynian semi-metamorphic complex (Devonian-Permian); 13b - clastic sedimentary deposits (Late Permian); 14 - clastic sedi-
mentary deposits and carbonates (Early Triassic); 15 — carbonate deposits (Middle Triassic); 27 - limestones (Jurassic); 44 - clastic sedimentary deposits and carbona-
tes (Miocene, M, 3); 46 - "“litavac” (bioclastic beech carbonate) and clastic sedimentary deposits with volcanic rocks (Miocene, My); 47 - carbonate clastic deposits
(Miocene, Ms); 48 - clastic sedimentary rocks and coal (Miocene, M;); 52 - clastic deposites (Plio-Quaternary); 54a — loess (Pleistocene); 58b - alluvial deposits

(Holocene); a — andesites and rhyolites (Miocene, M3 4).
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as a continental fragment which rifted and drifted away from Eu-
rope in the Middle Jurassic as a consequence of kinematically
linked opening of the easternmost branch of the Alpine Tethys
Ocean (Ceahlau-Severin Ocean) (SCHMID et al., 2020). The fi-
nal emplacement of the Tisia Mega-Unit into the present-day con-
figuration took place during the Palacogene and Miocene, i.e.
after its internal structuring, which mainly occurred during a
Cretaceous orogeny (SCHMID et al., 2020). Only small parts of
this unit are exposed in rare isolated and rather small so-called
inselbergs within the Pannonian basin, such as the Mecsek and
Villany Mts. of Hungary, the northern Apuseni Mts. in Romania
and the Slavonian Mts. in Croatia (Fig. 1b). The Slavonian Mts.
include the Mt. Papuk area where pre-Variscan, Variscan and Al-
pine igneous and metamorphic rocks crop out (Fig. lc; BALEN
et al., 2015, 2018; BISEVAC et al., 2010; HORVAT et al., 2018;
SLOVENEC et al., 2020).

2.2. Sava Zone

The western branch of the Neotethys Ocean was closed through
convergence of the Adria microplate (Dinarides) and Europe (Ti-
sia). This convergence caused the formation of a suture zone
named the Sava-Vardar Zone (PAMIC, 2002), Sava Zone or Sava
suture zone (SCHMID et al., 2008, 2020). The Sava Zone is a
complex belt comprising ophiolites and related igneous, meta-
morphic and sedimentary rocks, including Cretaceous to Eocene
deep water sediments and flysch. Late Cretaceous ophiolites rep-
resent the structurally lowermost unit of the Sava Zone. This zone
runs from Zagreb towards Belgrade, and then further to the south
through the Vardar Zone into Greece (Fig. 1b; SCHMID et al.,
2008; USTASZEWSKI et al., 2010). The northwestern end of the
Sava Zone close to Zagreb sharply turns into the SW-NE strike
of the Mid-Hungarian fault zone and is further buried below the
Cenozoic cover of the Pannonian basin (SCHMID et al., 2020).
The formation age of the Sava Zone ranges from the Cretaceous
to the Early Palacogene until the final collision of the Dinarides
with the Tisia Mega-Unit (PAMIC, 2002). The relatively rare late
Mesozoic and Cenozoic igneous rocks within the Sava Zone are
related to magmatism along the Europe-Adria suture zone.
Known occurrences of these rocks (Fig. 1b) are in northern Bos-
nia (Mts. Kozara, Prosara and Motajica), northern Serbia (Mt.
Fruska Gora) and eastern Croatia (Mts. Pozeska Gora and
Moslavacka Gora) (e.g. SCHMID et al., 2008).

2.3. Senonian basalt-rhyolite formation

In part of the Slavonian Mts. PAMIC (1997) described a Senonian
basalt-rhyolite formation including A-type granites. Rocks of this
formation crop out in the areas of Mt. Pozeska Gora (with the
only known surface occurrence of A-type granite at the Gradski
Vrhovei locality; PAMIC, 1987; PAMIC & LANPHERE, 1991a)
and Mt. Papuk. The volcanic rocks at the latter locality, the so-
called Voéin volcanic mass (PAMIC, 1997), are situated at the
northern slopes of Mt. Papuk, near the town of Vo¢in, and include
the rocks from the Rupnica locality. The Vocéin volcanic mass
consists of basalts, rhyolites and pyroclastic rocks, covers an area
of ~10 km? (PAMIC, 1991), and penetrates the igneous, metamor-
phic and sedimentary rocks of surrounding complexes (Fig. 1c).
PAMIC (1991) proposed a Late Cretaceous age for the volcanic
rocks in the immediate area of Vocin, while the volcanic and py-
roclastic rocks in the wider area were considered to be Miocene
in age (JAMICIC et al., 1987, 1989; BELAK et al., 2000). The
whole-rock K-Ar dating at 72.8-51.7 Ma presented in PAMIC
(1991) was conducted on basalts. The older ages were obtained

on relatively fresh basalts, whereas the younger ones resulted
from the study of altered basalts (spilites). Younger ages were in-
terpreted as a consequence of a loss of radiogenic Ar, possibly
during the younger volcanic activity in the area, which also pro-
duced spatially associated basalts. Furthermore, K-Ar dating was
performed on basalt cores from drillholes across the Sava depres-
sion (PAMIC, 1997) with ages between 83.4 and 32 Ma.

2.4. A-type granite of Mt. Pozeska Gora

The A-type granite of Mt. Pozeska Gora (PAMIC, 1987, PAMIC
etal., 1988/89; PAMIC & LANPHERE, 1991b) has been reinves-
tigated in detail by BALEN et al. (2020), who confirmed a Late
Cretaceous age (83.6£1.5 Ma) by U-Th-Pb dating on zircon. This
recent study revealed the significance of this rather small granite
body because it marks the activation of deep faults in an exten-
sional tectonic environment at the suture zone, where the subduc-
tion of the Adria plate under the European plate took place.
Therefore, this A-type granite indicates the local tectonic transi-
tion from compression to extension. The idea of a connection be-
tween the Late Cretaceous (Senonian) volcanic masses at Mt.
Pozeska Gora and Mt. Papuk was already postulated by PAMIC
(1997). Therefore, it is of interest to compare the geochemical
features of rhyolite at the Rupnica site, its accessory minerals and
the crystallization age of zircon, with the same features of the A-
type granite from Mt. Pozeska Gora.

2.5. Miocene volcanic rocks

A detailed description of volcanic rocks from the northwestern
part of Mt. Papuk (including Vo¢in and its surroundings) can be
found in LUGOVIC (1983), where an overview of the age con-
straints based on earlier reports is given. In these historical pa-
pers (STUR, 1861/62; KOCH, 1919; POLJAK, 1939), besides de-
tails on field relationships, the prevailing opinion is that these
rocks are of Miocene age.

In the Basic Geological Map of Croatia M 1:300,000 (CRO-
ATIAN GEOLOGICAL SURVEY, 2009) volcanic rocks at Vo¢in
and its surroundings are described as andesites and rhyolites of
Miocene age (Fig. Ic), as it was postulated in the Basic Geologi-
cal Map of SFRY 1:100.000, sheets Orahovica and Daruvar
(JAMICIC & BRKIC, 1986; JAMICIC et al., 1987, 1989;
JAMICIC, 1989). The contact of the Vo¢in volcanic rocks with
the Triassic and Late Cretaceous deposits is described as tectonic.
According to the interpretation in the above mentioned explana-
tory notes, the volcanic activity was accompanied by sedimentary
processes related to the evolution of the Pannonian basin.

3. ANALYTICAL METHODS

3.1. Whole-rock chemistry

From 20 collected homogeneous samples at the Rupnica geosite,
3 samples plus 1 used in BALEN & PETRINEC (2014) were se-
lected for whole-rock geochemistry. These samples were crushed
in a jaw crusher, powdered in an agate mill, and analysed at the
Bureau Veritas Commodities Canada Ltd. (Vancouver) by induc-
tively coupled plasma mass spectrometry (ICP-MS; trace ele-
ments including rare-carth elements (REE)) and inductively cou-
pled plasma emission spectrometry (ICP-ES; major elements).
Powders were air-dried and sieved through a 0.125 mm stainless-
steel screen. The sample preparation included the splitting of
0.2 g rock powder each for LiBO,/Li,B40; fusion for ICP-ES and
ICP-MS. Natural rocks of known composition and pure quartz
were used as reference materials. The analytical accuracy was
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Table 1. Results of the whole-rock analyses of major (wt. %) and trace (ppm) elements with characteristic element ratios and zircon saturation temperatures (ZST)
after WATSON & HARISSON (1983) and GERVASONI et al. (2016) for selected samples of rhyolite of Rupnica. The compositions were determined with ICP-MS and
ICP-ES. Sample 1 is from BALEN & PETRINEC (2014).

Major elements (wt. %) Sa:&l}e ! ;32:;';23 Sa;:j ’:)I: . Sa& ':I; 4 (W(::I;% ) MIN MAX Mean
SiO, 66.41 66.83 69.5 68.27 0.01 66.41 69.50 67.75
TiO, 045 042 041 041 0.01 041 045 042
Al,03 16.7 15.61 15.35 15.53 0.01 15.35 16.70 15.80
Fe,03 3.87 3.72 3.53 422 0.04 353 422 3.84
MnO 0.03 0.07 0.05 0.04 0.01 0.03 0.07 0.05
MgO 0.53 0.48 0.27 0.38 0.01 0.27 0.53 042
Cao 0.36 1.48 0.35 0.36 0.01 0.35 1.48 0.64
Na,O 5.6 5.29 527 5.22 0.01 522 5.60 535
K;0 341 291 347 3.23 0.01 291 347 3.26
P,0s 0.12 0.11 0.1 0.11 0.01 0.10 0.12 0.11
LOI 240 2.90 1.60 2.10 0.01 1.60 2.90 225
Total 99.88 99.82 99.9 99.87 99.82 99.90 99.87
Trace elements (ppm) (ppm)
As 32 1.2 14 85 0.5 1.2 85 3.575
Au (ppb) 03 19 324 28.1 0.5 (ppb) 03 324 157
Ba 548 459 492 512 1 459 548 503
Be 4 2 2 3 1 2 4 2.75
Co 13 2.7 0.8 238 0.2 0.8 238 19
Cs 04 <0.1 0.5 0.7 0.1 04 0.7 05
Cu 13 16.2 7.3 14.7 0.1 13 16.2 9.9
Ga 20 21 18 16 0.5 16.4 20.8 18.6
Hf 9.0 9.5 7.6 79 0.1 7.6 9.5 85
Mo 0.6 0.6 0.5 0.5 0.1 0.5 0.6 0.6
Nb 26 27 22 25 0.1 22 27 25
Ni 1.5 29 0.9 23 0.1 0.9 29 19
Pb 37 8.4 11.0 14.6 0.1 37 14.6 94
Rb 45 44 55 52 0.1 44 55 49
Sb <0.1 0.2 0.5 04 0.1 0.2 0.5 04
Sc 7 7 6 7 1 6 7 7
sn 4 4 4 4 1 4 4 4
Sr 134 175 129 117 0.5 117 175 139
Ta 1.7 1.7 1.6 14 0.1 1.4 1.7 1.6
Th 9.4 9.8 8.8 7.7 0.2 7.7 9.8 89
2.0 2.1 2.0 2.1 0.1 2.0 2.1 2.1
" 1 17 12 14 8 11 17 13.5
W 15 2.0 13 15 0.5 13 2.0 1.6
Y 32 37 29 32 0.1 29 37 32
Zn 59 70 48 66 1 48 70 61
Zr 354 386 329 339 0.1 329 386 352
La 29 33 29 18 0.1 18 33 27
Ce 63 60 55 49 0.1 49 63 57
Pr 6.6 6.9 6.6 44 0.02 44 6.9 6.1
Nd 25 27 26 17 03 17 27 24
Sm 5.6 57 5.6 4.1 0.05 4.1 57 53
Eu 1.4 14 13 1.0 0.02 1.0 1.4 13
Gd 5.9 6.4 5.1 52 0.05 5.1 6.4 5.6
Tb 1.1 1.1 0.9 09 0.01 0.9 1.1 1.0
Dy 6.0 6.4 58 5.6 0.05 5.6 6.4 59
Ho 1.2 14 1.2 1.1 0.02 1.1 14 1.2
Er 3.6 4.2 32 34 0.03 32 4.2 3.6
Tm 0.6 0.6 0.5 0.5 0.01 0.5 0.6 0.5
Yb 34 39 33 35 0.05 33 39 35

Lu 0.5 0.6 0.5 0.6 0.01 0.5 0.6 0.5
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Table 1. continued.

Mi 0.87 0.87 0.92 0.91 0.87 0.92 0.89
A/CNK 1.24 1.08 1.19 1.23 1.08 1.24 1.19
A/NK 1.29 132 1.24 1.29 1.24 1.32 1.28
K,0/Na,O mol 0.40 0.36 043 0.41 0.36 043 0.40
Ba/Rb 121 10.6 9.0 9.8 9.0 121 104
10000-Ga/Al 22 25 22 2.0 2.0 2.5 22
Zr/Hf 39 41 43 43 39 43 42
Y/Ho 26 27 25 28 25 28 26
(La/Yb)y 5.75 5.70 592 3.47 347 5.92 521
(La/Sm)y 3.26 3.64 3.26 2.76 2.76 3.64 323
(Gd/Yb)y 1.40 132 1.25 1.20 1.20 1.40 1.29
Ce/Ce* 1.10 0.96 0.96 133 0.96 1.33 1.08
Eu/Eu* 0.74 0.71 0.74 0.66 0.66 0.74 0.71
X REE 152 159 142 115 115 159 142
M 133 1.50 133 1.27 1.27 1.50 136
Twn (°C) 866 860 858 867 858 867 863
G 8.20 7.81 8.98 8.51 7.81 8.98 8.38
T (°C) 789 778 798 790 778 798 789

d.l. = detection limit; LOI = loss on ignition; MI (mafic index) = FeO1/(FeOr+MgO); A/CNK = Al,03/(CaO+Na,0+K,0) in mol%; A/NK = Al,05/(Na,0+K,0); M (cation ratio) =
(Na+K+2Ca)/Al-Si; G = (3-Al,03+S5i0,)/(Na,0+K,0+Ca0+MgO+FeO) in molar proportions; Twy and T — Zircon saturation temperatures after WATSON & HARISSON (1983) and

GERVASONI et al. (2016), respectively.

controlled using internal geological reference materials, the com-
positions of which are comparable to the rocks in this study
(STDGS311-1, STD GS910-4, STD DS10, STD OREAS45EA,
STD SO-19). Detection limits are shown in Table 1. Reference
materials were certified in-house by analysis with CANMET
Certified Reference Materials. Loss on ignition (LOI) was deter-
mined by weight difference before and after 4 hours ignition at
1000 °C. Geochemical data and diagrams are recalculated and
handled with the GCDKit software (JANOUSEK et al., 2006).

3.2. Scanning electron microscopy

Zircon was separated from the rhyolite (sample Rupnica 3) by a
standard procedure of extraction from the host rock (crushing of
the rock, sieving, heavy-liquid separation with sodium polytung-
state and magnetic separation) and analysed using scanning elec-
tron microscopy at the Slovak Academy of Sciences, Earth Sci-
ence Institute, Laboratory of electron microscopy in Banska
Bystrica, in order to detect the external morphology of individual
zircon grains. The analyses were performed with a JEOL JSM-
6390LV equipped with a secondary electron detector for imaging
and an acceleration voltage of 20 kV. The specimens were coated
with gold.

3.3. Raman spectroscopy

Separated zircon grains were also analysed with the aid of micro-
Raman spectroscopy in order to characterize the inclusions in
zircon. This spectroscopy was performed at the Slovak Academy
of Sciences, Earth Science Institute, Laboratory of vibration
spectroscopy in Banska Bystrica with a Horiba Jobin-Yvon
LabRam HR 800 spectrometer equipped with a Czerny-Turner
monochromator, 600 grooves per mm grating, and a Peltier-
cooled charge-coupled device detector coupled to an Olympus
BX41 microscope with a long working distance 100x/0.8 objec-
tive. Zircon crystals were irradiated by a He—Ne (633 nm) laser

with a power of ~3 mW. A frequency-doubled Nd:YAG (532 nm)
laser was only used for verifying possible luminescence effects.
The Rayleigh line (0 cm™) and emission bands of Ne glow lamps
were used for calibration. Wave-number accuracy and lateral
resolution were better than 0.8 cm™ and 1 pm, respectively. The
spectral resolution was ~3.6 cm™! (red spectral range). The spec-
tra of the unknown phases were collected in the range of 60-4000
cm™! to additionally cover the region of OH-stretching bands.

3.4. Laser ablation —inductively coupled plasma —
mass spectrometry (LA-ICP-MS)

Isotopic concentrations of selected elements in zircon were de-
termined by LA-ICP-MS. Analyses were performed at the Insti-
tut fiir Mineralogie und Kristallchemie, Universitét Stuttgart
(Germany), using an AGILENT 7700 mass spectrometer after
laser ablation with a CETAC LSX-213 laser system. The diameter
of the ablated spots was 25 pm. The laser energy was set to 100
% of the maximum (100 %=4 mJ at a spot diameter of 150 pm)
at a laser pulse frequency of 10 Hz and 330 (for elemental con-
centrations) or 375 (for dating) laser pulses per analysis. A mixed
He and Ar gas flow with 500 ml/min and 800 ml/min, respec-
tively, served as carrier of the ablated material into the ICP-MS
system. Zircon grains separated from the rhyolite were mounted
in an epoxy resin and polished approximately to their centres.
The details of the data evaluation methods and corrections are
given in BALEN et al. (2020).

3.4.1. Zircon chemical analysis

Glass standards for the determination of elemental concentrations
in zircon were the following: DLH7 and DLHS from P&H Devel-
opments Ltd. and NIST612 and NIST610 from National Institute
of Standards and Technology, USA. The validity of the calibra-
tion, data evaluation, and reproducibility were checked with the
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reference materials Diorite (DRN) and Zinnwaldite (ZW-C) from
Service d’Analyses des Roches et des Minéraux du CNRS. Rela-
tive elemental concentrations were calculated from the abun-
dance of the corresponding isotopes, assuming natural isotopic
distributions and individual calibration factors, which were de-
termined under the same experimental conditions. Absolute el-
emental concentrations were calculated on the basis of the known
absolute elemental concentration of an internal reference element.

For zircon chemical analysis, the following isotopes were
monitored: 2%2%Si, 3P, 444Ca, ¥3Sc, 4°Ti, 31V, >2Cr, 3Mn, 357 Fg,
9Co, SONi, 66Zn, T'Ga, $Sr, 89Y, 90917, 93N, 118Sn, 137Ba, 139La,
140Cg, 1Py, 16N, 1471499 1SLISSEy, 157Gd, 159Tb, 161163y,
1650, 166y, 169Tm, 172Y'b, 175y, 177.178Hf, 81T, 208pp, 232Th and
2381, All elemental concentrations were calculated relative to
Si=15.14 wt. %, a value which is taken as an internal reference
value in zircon, because Si is least likely to be replaced by other
elements in the zircon structure. Therefore, the mean value of Si,
as derived from the isotopes *2°Si, was set to 151,400 ppm. The

calculated elemental concentrations are presented in Table 2. The
concentrations of elements, which are usually not incorporated
in zircon, were either very near to the detection limit or clearly
elevated and therefore ascribed to inclusions in zircon.

3.4.2. Apatite chemical analysis

Through the process of zircon separation with sodium polytung-
state, grains of apatite were also successfully separated due to
their relatively high specific gravity. Separated grains were used
for chemical analysis of apatite, for which the same set of isotopes
were monitored as for the chemical analyses of zircon.

All elemental concentrations were calculated relative to
P=18.25 wt. %, a value which is taken as a reference value in ap-
atite, with the assumption that P is hardly replaced by some other
elements in the apatite structure. Therefore, the P concentration,
derived from the isotope 3'P, was set to 182,500 ppm. The calcu-
lated elemental concentrations are summarized in Table 3. The

Figure 2. (a) Columnar jointing of albite rhyolite at the Rupnica geosite; person as scale; (b) plain-polarized transmitted-light photomicrograph of a typical micro-
fabric of the rhyolite of Rupnica taken from a thin section of the Rupnica 3 sample; (c) backscattered electron image displaying the texture of the rhyolite of Rupni-

ca. The centre of the image shows an albite phenocryst.
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concentrations of elements, which are usually not incorporated
in apatite (such as Co, Cr, Ni, Sc, Sn, Ta and V) were either only
slightly above or below the detection limit.

3.4.3. Zicon age-dating

For zircon dating and isotopic corrections with LA-ICP-MS, 3
natural zircon reference materials were used: FC1 (1099.0+0.6
Ma; PACES & MILLER, 1993), Peixe (564+4 Ma; DICKINSON
& GEHRELS, 2003 and 558+2.7 Ma; SHAULIS et al., 2010), and
Plesovice (337.13£0.37 Ma; SLAMA et al., 2008). The following
ions were measured: 202Hg, 294(Hg+Pb), 299Ph, 207Ph, 208pp, 232Th,
235y, 238U, and 2°4(238U'°0). The method and corrections used for
data evaluation are described in detail in BALEN et al. (2020).
By dating these 3 references as unknowns, using the aforemen-
tioned method and corrections, the obtained concordia ages plot-
ted in a 2%Pb/>38U vs, 207Pb/233U diagram (FC1=1104.3£5.9 Ma,
MSWD=0.5, n=8; Peixe=564.8+4.1 Ma, MSWD=0.2, n=6;
Plesovice=335.6+3.7 Ma, MSWD=0.2, n=4) coincide with their
literature values.

(@)
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4. RESULTS

4.1. Outcrop and rock description

The Rupnica locality is a small abandoned quarry in the north-
western part of Mt. Papuk within the Papuk Nature Park. It is a
key geosite of the Papuk Geopark protected under the UNESCO
supervision, and is well-known for its columnar jointing devel-
oped in albite rhyolite (Fig. 2a). The site is located near the town
of Vo¢in (Fig. 1c, coordinates: 45.6049° N, 17.5320° E). BALEN
& PETRINEC (2014) investigated the phenomenon of columnar
jointing in detail, conducting a non-destructive statistical analy-
sis of the geometric distribution of columns combined with pe-
trography, geochemistry and the geology of the geosite. These
authors suggested that the albite rhyolite formed via rapid cooling
of a (sub)surface acidic lava body.

The albite rhyolite of the Rupnica locality and its variations
(aegirine-albite and anorthoclase-aegirine rhyolite) are described
as volcanic rocks, the chemical composition of which are not sig-
nificantly affected by hydrothermal alteration or other types of
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Figure 3. Comparison of the rhyolite of Rupnica, Mt. Pozeska Gora granite and acidic effusive rocks from the northern part of Mt. Kozara: (a) QAP modal composi-
tion diagram after STRECKEISEN (1974, 1978) for both volcanic and plutonic rocks: Q - quartz; A - alkali feldspar; P - plagioclase; 2 - alkali-feldspar trachyte/Q-rich
granite; 3 - alkali-feldspar rhyolite/alkali-feldspar granite; 4 - rhyolite/syenogranite; 8 - Q-alkali-feldspar trachyte/Q-alkali-feldspar syenite. Classification and dis-
crimination diagrams based on major elements after (b) DE LA ROCHE et al. (1980), and (c-e) FROST et al. (2001) and FROST & FROST (2011). Geochemical data for
the acidic effusive rocks from the northern part of Mt. Kozara are from USTASZEWSKI et al. (2009) and CVETKOVIC et al. (2014).
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Figure 4. Comparison of the rhyolite of Rupnica, Mt. Pozeska Gora granite and
rhyolite from the northern part of Mt. Kozara: (a) primitive mantle whole-rock
incompatible trace element patterns after SUN & MCDONOUGH (1989) and
(b) whole-rock chondrite-normalized patterns of REE after BOYNTON (1984).
References for Mt. Kozara are the same as in Fig. 3.

secondary processes (TAJDER, 1956, 1960). The rhyolites are
leucocratic and light-grey to greenish in colour with porphyritic
texture and phenocrysts of feldspar (albite). Detailed petrographic
descriptions of albite rhyolite and its variations can be found in
TAJDER (1956, 1960) and BALEN & PETRINEC (2014). Albite
contains 98.1-99.9 % albite component (BALEN & PETRINEC,
2014) and occurs as phenocrysts (up to 30 vol. % of the rock) and
as microliths in the fine-grained groundmass (Fig. 2b—c) together
with a devitrified volcanic glass (up to 10 vol. %). Magnetite, ap-
atite, zircon and in places alkali clinopyroxene (aegirine-augite)
occur as accessory minerals, while kaolinite, illite, smectite,
chlorite and calcite are secondary minerals. Haematite, apatite
and anatase are found additionally as inclusions in zircon (see
section 4.3.2. Inclusions in zircon).

4.2. Whole-rock geochemistry

The rhyolite of Rupnica (Table 1, Fig. 3) is characterized by: (1)
relatively high siliceous compositions (SiO, up to 69.5 wt. %), (2)
high abundance of alkalies (K,O+Na,O between 8.2 and 9.0 wt.
% with K,O up to 3.5 wt. %), (3) relatively high K,0/Na,O molar
ratios (0.36—-0.43), (4) high Al,O;3 (15.4-16.7 wt. %, molar A/CNK
ratios = Al,03/(CaO+Na,0+K,0) of 1.08-1.24, A/NK ratios =

Geologia Croatica 75/2

Al,03/(Na,0+K,0) of 1.24-1.32), (5) low CaO (0.35-1.5 wt. %),
MgO (0.27-0.53 wt. %), and MnO (<0.07 wt. %), and (6) rela-
tively high Fe,0; contents (3.5-4.2 wt. %); thus, the FeOy/
(FeO1+MgO) ratios (0.87-0.92) are high. These parameters indi-
cate that the studied rocks are peraluminous, ferroan and alkali-
calcic to alkalic (Fig. 3c—e).

In the primitive mantle-normalized element plot (Fig. 4a),
the analysed rhyolite samples display positive anomalies of K,
Pb, and Zr and relatively pronounced negative anomalies of P, Ba,
Eu, Nb and Ti. Chondrite-normalized data of REE reveal an en-
richment of light REE (LREE) relative to heavy REE (HREE)
with (La/Yb)x, (La/Sm)y and (Gd/Yb)y of 3.47-5.92, 2.76-3.64,
and 1.20-1.40, respectively (Fig. 4b). Eu/Eu* parameters are be-
tween 0.66 and 0.74, whereas Ce/Ce* ranges between 0.96 and
1.33. The sum of REE is around 142 ppm. Contents of Y and Yb
are around 32 ppm and 3.5 ppm, respectively. The data presented
for the major elements are in the good agreement with previous
data from TAJDER (1956, 1960) and PAMIC (1991) for rhyolite
of Rupnica.

4.3. Accessory minerals analyses

4.3.1. Zircon external morphology

The population of zircon analysed for external morphology con-
sists of 65 grains which are 50—110 pm long and 25-55 um wide.
Aspect ratios range from 1.4:1 to 3.3:1, with the median value of
2.3:1. Such ratios, the colourlessness, high transparency and bire-
fringence are usually characteristic of early crystallized zircon in
a granitic magma (HOSKIN & SCHALTEGGER, 2003). Around
40 % of the examined zircon population is partially dissolved, so
the external morphology could not always be clearly defined. The
rest of the separated zircon, i.e. grains with recognizable external
morphology, was carefully examined. Their external morphology
is defined by {100} prisms and {101} > {211} bipyramids. After
PUPIN’s (1980) zircon typology, types J4 (50 %), J3 (30 %), J5 (10
%) and J2 (<10 %) are present (Fig. 5). According to PUPIN &
TURCO (1972) and PUPIN (1980), such morphologies are conside-
red to characterize zircon crystallized from high-temperature
magmas with lower crust or upper mantle origin.

4.3.2. Inclusions in zircon

Zircon grains are very rich in inclusions. Even dozens of them can
occur in a single zircon grain and therefore represent potential
material for further detail research. The inclusions vary in shape;
some of them are euhedral and needle-like, but all are smaller than
10 um. Raman bands of zircon (at 202, 212, 225, 356, 392, 438,
972-974 and 1005-1008 cm™!, strongest at 356, 972-974 and
1005-1008 cm™, after FREZZOTTI et al., 2012), despite the con-
focal mode, are very intense, making the identification of included
phases difficult. So far, inclusions of haematite (bands at 223, 290,
409, 498, 609 and 1313 cm™!, strongest at 290 and 409 cm™!, after
FREZZOTTI et al., 2012), apatite (bands at 432, 449, 581, 592,
608, 965, 1042, 1053 and 1081 cm™, strongest at 965 cm™; char-
acteristic for F-apatite after HURALI et al., 2015; bands at 3100—
3800 cm™! characteristic for O-H were not detected) and anatase
(143, 195, 395, 514 and 638 cm™!, strongest at 143 and 638 cm™,
after FREZZOTTI et al., 2012) were detected (Fig. 6).

4.3.3. Zircon geochemistry

For zircon geochemistry, 14 grains were successfully analysed
with LA-ICP-MS. The results, together with basic statistical
parameters and characteristic elemental ratios, are presented in
Table 2. Zircon from the rhyolite of Rupnica shows variable



Schneider et al.: Dating and geochemistry of zircon and apatite from rhyolite at the UNESCO geosite Rupnica (Mt. Papuk, northern Croatia) ...

U (137-958, mean 443 ppm) and Th (107-1411, mean 531 ppm)
contents, with Th/U ratios between 0.78 and 1.62 (mean 1.13),
typical for igneous zircon (HOSKIN & SCHALTEGGER, 2003;
KIRKLAND et al., 2015).

The compositional range of the determined REE patterns
(Fig. 7a) is characteristic for zircon from granitoids (BELOU-
SOVA et al., 2002a; HOSKIN & SCHALTEGGER, 2003) with
significant rise of contents from Sm to Lu and total contents of
REE between 1155 and 4490 ppm (mean 2993 ppm). A positive
Ce anomaly (mean 1.27) indicates oxidized magma conditions, as
does the finding of haematite as a primary inclusion in zircon.
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4.3.4. Zircon U-Th-Pb dating

The results of dating on 20 zircon grains from the Rupnica local-
ity, selected on the basis of euhedral shape and elemental ratios
(such as Th/U), are presented in Table 4 and in a concordia dia-
gram in Fig. 8. Zircon yielded a concordia age of 80.8+1.8 (20)
Ma and a mean square weighted deviation (MSWD) of 0.8. The
zircon ages determined from the individual calibrated quotients
of isotopic intensities 20°Pb/238U, 207Pb/23U and 208Pb/232Th are
80.0£2.1, 82.743.3 and 81.7+1.8 Ma, respectively, with errors
given as 2¢ values. The MSWD values of 0.76, 0.45 and 1.00, re-
spectively, suggest a single zircon generation.

Table 4. Individual elemental and isotopic concentrations and ages of zircon from the rhyolite of Rupnica obtained from calibrated isotopic ratios of 2%Pb/238U,
207ph/235Y, and 2%8Pb/232Th. Elemental concentrations of Pb refer to the sum of the Pb isotopes.

. Elemental concentrations Isotopic concentrations (ppm)
rain Si (wt. %) Zr (wt. %) Th (ppm) U (ppm) Pb (ppm) Th/U 204ppy 206pfy 207pf 208py
1b 15.14000 47.13930 495.67 492.20 7.64 1.01 0.004 5.13 0.36 214
2b 15.14000 42.77307 328.12 343.58 741 0.96 0.024 439 0.60 240
3b 15.14000 46.23996 785.15 667.36 12.81 1.18 0.034 8.07 0.78 3.93
4b 15.14000 44.05930 221.57 279.74 4.89 0.79 0.052 3.28 0.30 1.26
5b 15.14000 43.30943 825.65 696.89 14.78 1.18 0.033 8.75 1.1 4.89
6b 15.14000 4456110 404.35 517.83 9.19 0.78 0.013 6.50 0.55 212
7b 15.14000 43.86399 444.66 443.50 8.04 1.00 0.005 5.56 0.41 2.05
8b 15.14000 47.62453 770.86 705.22 13.30 1.09 0.001 9.00 0.66 3.65
9b 15.14000 48.44948 1552.14 917.59 18.77 1.69 0.012 12.21 0.70 5.85
10b 15.14000 45.80696 525.60 493.64 8.70 1.06 0.000 5.98 0.44 2.28
11b 15.14000 4534541 828.67 684.20 11.90 1.21 0.017 8.40 0.41 3.08
12b 15.14000 44.69870 785.57 659.58 14.01 1.19 0.018 9.02 0.90 4.07
13b 15.14000 50.44010 524.08 476.65 10.30 1.10 0.058 6.30 0.79 3.15
14b 15.14000 48.10264 458.37 448.63 7.66 1.02 0.022 511 0.44 2.09
15b 15.14000 48.20173 964.95 71838 13.46 1.34 0.023 8.23 0.82 438
16b 15.14000 43.88730 2157.05 1263.47 24.03 1.71 0.010 15.30 0.83 7.88
17b 15.14000 49.07538 386.88 281.20 5.82 1.38 0.026 3.62 0.34 1.83
18b 15.14000 49.54529 933.63 691.47 14.00 1.35 0.014 830 0.80 4.89
19b 15.14000 49.07977 396.54 360.44 7.04 1.10 0.016 473 0.42 1.87
20b 15.14000 48.50643 419.63 426.19 7.52 0.98 0.019 5.01 0.38 212

. Isotopic ratios Age (Ma)
e 206pp/238Y 10 207pp/235y 1o 208pp/232Th 1o 206pp/238Y 1o 207235y 1o 208ph/232Th 1o
1b 0.01160 0.00061 0.07659 0.00536 0.00421 0.00018 74.3 39 749 5.1 85.1 3.6
2b 0.01214 0.00063 0.08326 0.02146 0.00449 0.00066 77.8 4.0 81.2 20.1 90.9 133
3b 0.01228 0.00069 0.08622 0.01491 0.00410 0.00019 787 44 84.0 13.9 82.8 39
4b 0.01185 0.00041 0.07631 0.01193 0.00433 0.00041 759 26 747 13 87.6 83
5b 0.01221 0.00100 0.08209 0.01861 0.00412 0.00027 782 6.4 80.1 175 833 54
6b 0.01287 0.00132 0.08643 0.01170 0.00404 0.00018 824 84 84.2 10.9 81.7 3.6
7b 0.01310 0.00088 0.08697 0.00913 0.00407 0.00019 83.9 5.6 84.7 85 823 39
8b 0.01296 0.00087 0.09118 0.01000 0.00429 0.00012 83.0 5.6 88.6 9.3 86.7 25
9b 0.01383 0.00095 0.09191 0.00627 0.00385 0.00011 88.6 6.1 89.3 5.8 78.0 23
10b 0.01243 0.00042 0.08519 0.00735 0.00385 0.00020 79.6 2.7 83.0 6.9 77.8 4.1
11b 0.01319 0.00081 0.08792 0.00330 0.00397 0.00023 84.5 5.1 85.6 3.1 80.4 4.7
12b 0.01366 0.00109 0.09348 0.02380 0.00399 0.00054 875 6.9 90.7 22.1 80.7 10.9
13b 0.01332 0.00086 0.08398 0.01203 0.00393 0.00020 853 55 81.9 113 79.5 4.0
14b 0.01147 0.00124 0.07905 0.01466 0.00373 0.00028 73.5 79 77.3 13.8 75.6 57
15b 0.01178 0.00182 0.07547 0.01261 0.00368 0.00026 755 11.6 739 11.9 744 52
16b 0.01294 0.00101 0.08967 0.00631 0.00390 0.00017 829 6.4 87.2 59 789 34
17b 0.01322 0.00092 0.08653 0.01349 0.00392 0.00023 84.7 59 84.3 126 79.2 4.6
18b 0.01277 0.00073 0.08081 0.00622 0.00434 0.00015 81.8 4.6 789 58 87.7 3.1
19b 0.01351 0.00071 0.08925 0.01587 0.00372 0.00027 86.5 45 86.8 14.8 753 54
20b 0.01192 0.00069 0.07766 0.00590 0.00420 0.00024 76.4 44 759 5.6 84.9 49
Weighted average (Ma) 80.0 827 81.7
Error 20 (Ma) 2.1 33 1.8
MSWD 0.76 0.45 1.00




260

10um

X1,100

(b)

{101)<<{211}
{101}<{211}
{101)={211}

{101)>{211}

Rupnica (Mt. Papuk)

n=39
>50% 30-40% <10%

Geologia Croatica 75/2

Figure 5. (a) Typical external morphologies of zircon from the rhyolite of Rupnica. (b) Morphologies and types of investigated zircon grains shown on the modified

zircon typology diagram after PUPIN (1980).

4.3.5. Apatite geochemistry

For apatite geochemistry, 11 grains were successfully analysed
with LA-ICP-MS (Table 3). REE patterns (Fig. 7b) with total con-
tents of REE between 4064 and 8479 ppm (mean 6390 ppm) dis-
play a negative slope according to the relative enrichment of the
LREE, with a (La/Yb)x mean ratio of 9.0, which is typical for
apatite from granitoids (BELOUSOVA et al., 2002b). Pronounced
negative Eu anomalies with a mean of 0.39 were determined. This
mean is close to the average for apatite from granitoid rock types
(BELOUSOVA et al., 2002b).

4.4. Geothermometry

A zircon saturation temperature (ZST) was calculated after WAT-
SON & HARRISON (1983) and GERVASONI et al. (2016), using
whole-rock Zr concentrations (Table 1). A negative SiO,-Zr co-
variation occurs in the whole-rock data for the rhyolite of Rup-
nica. Therefore, ZrSiOy4 saturation during early magmatic crys-
tallization is assumed (SCHILLER & FINGER, 2019). Calculated
temperatures are within a narrow range of §58—867 °C (mean 863
°C) using parameters from WATSON & HARRISON (1983), in-
dicating a high-temperature environment. Calculations with the
model by GERVASONI et al. (2016), which is considered to give
more reliable values, yielded lower temperatures of 778-798 °C
(mean 789 °C), but these would still correspond to a high-tempera-
ture environment.

The Ti-in-zircon temperature after WATSON et al. (2006)
was calculated for selected grains that are characterized by rela-
tively low Ti contents, i.e. analyses that exclude Ti-rich inclusions
(Table 2). Calculated temperatures are 801-831 °C (mean 814 °C)
with a precision of +5 °C (WATSON et al., 2006). These temper-
atures fit the range of the calculated ZST and are only slightly

lower than the ZST after WATSON & HARRISON (1983). Such
a temperature difference is common for samples with M (cation
ratio) = (Na+K+2Ca)/Al-Si <1.9 (FU et al., 2008; Fig. 9).

The apatite saturation temperature (AST) calculated after
HARRISON & WATSON (1984) for metaluminous to slightly
peraluminous systems is 900 °C. As apatite generally crystallizes
over a relatively restricted interval within 60—100 °C of the AST
(PICCOLI & CANDELA, 1994, 2002), the calculated AST would
imply crystallization of apatite prior to crystallization of zircon
(corroborated by apatite inclusions in zircon) or during zircon
crystallization. Because ZST and AST are based on the whole-
rock analysis and not on glass separates, the calculated tempera-
tures are considered to represent maximum ones (KIRKLAND
etal., 2015).

5. DISCUSSION

5.1. Whole-rock geochemistry and comparison with
an A-type granite at Mt. PozeSka Gora

The whole-rock geochemistry in this paper was intended to pro-
vide the geochemical environment for zircon and apatite crystal-
lization in the studied rocks. However, whole-rock geochemistry
presented here shows noticeable similarities with the A-type
granite of Mt. PozeSka Gora, despite the limited number of ana-
lysed samples.

PAMIC (1997) associated the Voéin volcanic rocks with
those at Mt. Pozeska Gora. It was assumed that (sub-)volcanic
rocks from both localities have a similar age and are therefore as-
sociated to a unique Senonian basalt-rhyolite formation, although
the volcanic rocks at Mt. Pozeska Gora also comprise A-type
granite. PAMIC (1997) suggested a connection of these masses
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Figure 6. (a) Plain-polarized transmitted-light photomicrograph of a zircon grain rich in inclusions. Arrows indicate the analytical spots for Raman spectrometry
and detected inclusions. Magnification 1000x. Ap — apatite; Ats — anatase; Hem — haematite. (b) Raman spectra of anatase, apatite and haematite inclusions in zir-
con. Spectra were compared with data given by FREZZOTTI et al. (2012) and HURAI et al. (2015).

and a Late Cretaceous age based on petrography, geochemistry
and mineralogical features of the samples. In addition, the rather
arguable age data of K-Ar dating on basalts from Voc¢in (72.8-51.7
Ma; PAMIC, 1991) and the application of the Rb-Sr isochron
method to granite and rhyolite from Mt. Pozeska Gora (71.5+2.8
Ma; PAMIC et al., 1988) were used to support this connection.
The latter age was recently revised by LA-ICP-MS dating of zir-
con to 83.6£1.5 Ma by BALEN et al. (2020). The zircon age fits
geological relations to the surrounding sedimentary rocks.

When comparing mean values of whole-rock major element
contents of granite from Mt. Pozeska Gora (BALEN et al., 2020,
PAMIC, 1987) and rhyolite of Rupnica (Table 1), the following
similar mean values were found: (1) highly siliceous composi-
tions (69.9 and 67.75 wt. % SiO, respectively); (2) enrichment in
alkalies (K,O+Na,O content: 8.68 and 8.60 wt. %); (3) relatively
high K,0/Na,0O molar ratios (0.56 and 0.40); (4) high Al,0; con-
tents (15.3 and 15.8 wt. % Al,Os3; A/CNK ratio = 1.21 and 1.19;
A/NK ratio = 1.27 and 1.28); (5) low contents of CaO (0.28 and
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Figure 7. (a) Chondrite-normalized patterns of REE in (a) zircon and (b) apatite
grains separated from the rhyolite of Rupnica using normalizing factors after
BOYNTON (1984). Result of the whole-rock (WR) analysis of sample Rupnica 3,
from which zircon and apatite grains were separated (thick line), is given for com-
parison. (c) HfO, versus Y,0; diagram after PUPIN (2000). Fields 1-2 are specific
domains for anorogenic rocks, fields 5-6: orogenic rocks, fields 3—-4 both types
of rocks.1b — hypersolvus alkaline granite/rhyolite; 1d - hypersolvus alkaline
granite/rhyolite or silica over/under-saturated alkaline/peralkaline syenite/tra-
chyte; 2 - subsolvus alkaline granite/rhyolite. For other fields see the reference.
(d) Chondrite-normalized patterns of REE after BOYNTON (1984); comparison of
zircon grains from Mt. Pozeska Gora granite and the rhyolite of Rupnica.
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Figure 8. U-Pb concordia diagram for zircon from the rhyolite of Rupnica. Error
ellipses relate to 1o errors. Weighted average ages, errors and MSWD values are
given in Table 4.

0.64 wt. %), MgO (0.07 and 0.42 wt. %), and MnO (<0.08 wt. %);
(6) relatively high Fe,O5 contents (3.30 and 3.84 wt. %); (7) high
FeOr/(FeOr+MgO) ratios (0.98 and 0.89). According to the listed
parameters, both the Mt. PozeSka Gora granite and the rhyolite
of Rupnica refer to peraluminous, oxidized, ferroan, and alkali-
calcic to alkalic magmas (Fig. 3c—e¢).

Trace element contents in both the granite from Mt. Pozeska
Gora (BALEN et al., 2020) and the rhyolite of Rupnica are also
similar (Fig. 4). In the primitive mantle-normalized element plots
(Fig. 4a) both rock types display positive anomalies of K, Pb, and
Zr and relatively pronounced negative anomalies of high field
strength elements (HFSE), P, Ba and Eu. The main differences
concern the contents of Cs, U and Th. Whole-rock Zr/Hf ratios
are also similar (mean: 39 for granite and 42 for rhyolite) and fall
in the range for the average continental crust (PUPIN, 2000).
Chondrite-normalized data of REE (Fig. 4b) reveal an enrichment
of LREE relative to HREE with pronounced negative Eu anoma-
lies (mean: 0.46 for granite and 0.71 for rhyolite) and minor pos-
itive Ce anomalies (mean: 1.01 for granite and 1.08 for rhyolite).
The mean sum of REE is 165 ppm for the granite and 142 ppm
for the rhyolite.

REE patterns of the rhyolite of Rupnica do not show the tet-
rad effect implying the absence of a significant H,O content in
the melt (MCLENNAN, 1994). Instead, according to the Zr/Hf
(39-43) and Y/Ho (25-28) ratios, the element distribution is
CHARAC (CHArge and RAdius Controlled, BAU, 1996). Pat-
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Figure 9. Boxplot of temperature ranges for different geothermometers: 1 -apa-
tite saturation temperature (AST) after HARRISON & WATSON (1984); 2 - zircon
saturation temperature (ZST) after WATSON & HARRISON (1983); 3 - Ti-in-zircon
after WATSON et al. (2006); 4 — ZST after GERVASONI et al. (2016).
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terns of incompatible trace elements (Fig. 4a and 4b), trace ele-
ment ratios (Table 1), apparent enrichments in LREE together
with intermediate-to-low contents of HFSE (except Hf and Zr),
variable abundances of large ion lithophile elements (LILE), and
negative Eu anomalies (Fig. 4b) point to crustal sources of the
corresponding magmas.

According to the geochemistry in respect to reference mate-
rials (BOYNTON 1984; SUN & MCDONOUGH,1989), standard
geotectonic classification diagrams and classification of granitic
rocks by WHALEN et al. (1987), EBY (1990, 1992) and KING
etal. (1997), the rhyolite of Rupnica shows A-type features (Figs.
10 and 11), which are relatively high contents of HFSE (Ga, Nb,
Ta, Th, U, Y, Zr); significantly enriched LILE compared to primi-
tive mantle, high FeO* (>1 wt. %), K and total contents of REE,
10000 - Ga/Al ratios of 2.0-2.5, and low MgO, CaO, Cr, Ni, Sr
and Ba contents.

Furthermore, the temperature characteristics for magmas
forming the albite rhyolite of Rupnica and the granite of Mt.
Pozeska Gora are similar. Both rocks originated from hot (ca.
800-900 °C), dry and oxidized magmas generated at lower- to
mid-crustal levels. An inhomogeneous source at such depth can
be expected (KEMPTON et al., 1990; BUROV et al. 2007), where
tonalitic to granodioritic crust produces peraluminous alkali-cal-
cic to calc—alkalic granitic melts (PATINO DOUCE 1997;
FROST & FROST, 2011) by a low degree of partial melting at
higher pressures (see SKJERLIE & JOHNSTON, 1993, for mag-
nesian tonalite at pressures > 10 kbar). A relatively fast ascent to
(sub)surface levels of the A-type magma led to rhyolite with glass
in the matrix at Rupnica.

5.2. Chemical compositions of zircon and apatite and
their petrogenetic significance

Normalized patterns of REE in zircon, not contaminated by in-
clusions, demonstrate the igneous nature by negative Eu anoma-
lies and enrichment of HREE (Fig. 7a) with generally high sums
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of REE. The positive Ce and significantly negative Eu anomalies
are typical for zircon from granitoids especially for those with
65-70 wt. % of SiO, (BELOUSOVA et al., 2002a). A less develo-
ped Eu anomaly accompanied by an enhanced Hf content in
zircon indicates co-crystallization of zircon and plagioclase
(SLODCZYK et al., 2016). Relative enrichment in HREE over
medium REE and apatite and a Ti-phase detected by Raman spec-
troscopy as inclusions in zircon suggest the co-crystallization of
these phases (HOSKIN et al., 2000). In the Rupnica samples, ap-
atite also occurs as individual grains, which combined with AST
values point to early crystallization of the apatite prior to or si-
multaneous with zircon.

Chemical compositions of zircon (e.g. Hf, Th, U) define it as
an early crystallized mineral formed in a deep magma chamber
at relatively high and constant temperatures (WANG et al., 2010;
KIRKLAND et al., 2015). According to WANG et al. (2010), an
early-stage zircon is characterized by high Zr/Hf ratios (~39;
compared to late-stage zircon ~29) and low Hf concentrations
(~1.35 wt. % HfO, compared to 1.85 wt. % for the late-stage),
which fit the chemistry of the studied zircon (mean Zr/Hf=55,
HfO,=1.04 wt. %).

Zircon of Rupnica has Hf concentrations of 643611511 ppm
(mean 8784 ppm), which are characteristic of highly-evolved mag-
mas (BELOUSOVA et al., 2002a). According to PUPIN (2000),
whole-rock and zircon Zr/Hf ratios are indicative of magmatic
fractionation of a granitic melt. A decrease of these ratios in zir-
con from mantle-derived plagiogranites (median 60—70), through
hypersolvus alkali granites, alkali syenites and hybrid calc-alka-
line granitoids to the lowest values in peraluminous granites and
migmatites (median 35-37) was noted by PUPIN (2000). In other
words, the higher this ratio the higher is the mantle input in the
generated magma. For the studied zircon, the Zr/Hf ratio is on
average 55, which points to a chemical mantle contribution to the
magma. This view is supported by BALEN et al. (2020) who sug-
gested a potential influence from a mantle source on the magma
forming the A-type granite of Mt. Pozeska Gora based on Zr/Hf
ratio, morphology of zircon and inclusions therein. Furthermore,
the Zr/Hf ratio of zircon crystallizing from a water-undersaturated
melt is higher than the whole-rock Zr/Hf ratio (ERDMANN et al.,
2013; BREITER & SKODA, 2017), which is valid for the rhyolite
of Rupnica (mean whole-rock Zr/Hf ratio = 42).

Zircon grains extracted from the Mt. PozeSka Gora granite
and the rhyolite of Rupnica also show similar geochemical sig-
natures (Fig. 7d) with mean zircon Zr/Hf ratios of 55 and 53, re-
spectively, and Th/U ratios of 0.74 and 1.13, respectively. These
signatures point to a magma origin by partial melting of material
from mid- to lower-crustal levels (HOSKIN & SCHALTEGGER,
2003).

The high-temperature environment determined here by ZST,
Ti-in-zircon and AST (789-863, 814 and 900 °C, respectively)
was also found for the early crystallization of the studied acces-
sory minerals in the Mt. Pozeska Gora granite (BALEN et al.,
2020) with ZST of 830-950 °C (mean 873 °C). Furthermore, zir-
con morphologies after PUPIN (1980) with D and JS type prevail-
ing in Mt. Pozeska Gora granite and J4 and J3 in the rhyolite of
Rupnica also suggest a high-temperature environment which is
typical for an I- and/or an A-type granitic melt. Zircon crystal-
lized from a magma which originated in the lower crust, but con-
tributions from an upper mantle source should not be excluded
due to the external zircon morphology (PUPIN & TURCO, 1972;
PUPIN, 1980) and zircon Zr/Hf ratios (PUPIN, 2000). This crys-
tallization occurred in a deep magma chamber at relatively con-
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stant temperature > 800 °C (WANG et al., 2010; KIRKLAND et
al., 2015).

The amplitude of Eu anomalies in apatite generally increases
toward more fractionated rocks and is controlled by the crystal-
lization of feldspar (BELOUSOVA et al., 2002b). Contents of Mn
are expected to be relatively high in apatite crystallized from a
magma under reduced conditions (BELOUSOVA et al., 2002b,
reported Mn contents of 0.1-1 wt. %). Moreover, BELOUSOVA
et al. (2002b) demonstrated that there is an excellent correlation
between contents of REE in apatite and the oxidation state of the
magma. Apatite from more oxidized granitic melts shows lower
Y/EREE and higher La/Sm and Ce/Th ratios than apatite from
less oxidized rocks, regardless of the overall degree of fractiona-
tion of the magma Following such relations, the apatite from Rup-
nica with Y/XREE=0.18, La/Sm=2.6 and Ce/Th=142 crystallized
in an oxidizing environment. This environment is also confirmed
by primary inclusions of haematite in zircon from the rhyolite of
Rupnica and the red granite from Mt. Pozeska Gora (BALEN et
al.,, 2020).

5.3. Implications on the regional setting

Considering the afore-mentioned characteristics of the whole
rock and the accessory minerals therein, it can be assumed that
the magmas forming the Mt. Pozeska Gora granite and the rhyo-
lite of Rupnica have the same origin. Thus, the rhyolite of Rup-
nica should be considered as a part of an igneous suite that in-
truded not only the Sava Zone, but also the adjacent Tisia
Mega-Unit. This also concerns the Mt. Pozeska Gora granite to-
gether with the Mt. Prosara leucogranite (82.68+0.13 Ma; PAMIC
& INJUK, 1988; PAMIC & LANPHERE, 1991b; USTASZE-
WSKI et al., 2009) and Late Cretaceous acidic rocks from Mt.
Moslavacka Gora (82+1 Ma, STARIJAS et al., 2010; BALEN &
BROSKA, 2011; BALEN & PETRINEC, 2011), but also basic
rocks from the latter locality which show upper mantle isotopic
signatures (10948 and 83+9 Ma; BALEN et al., 2003). Also rhy-
olites from the northern part of Mt. Kozara (USTASZEWSKI et
al., 2009; CVETKOVIC et al., 2014), located in northern Bosnia
and Herzegovina south of the Slavonian Mts. (Figs. 1 and 3), can
be included in the comparison. These rhyolites with a mean zir-
con 29Pb/238U age of 81.60+0.12 Ma (USTASZEWSKI et al.,
2009) are part of a bimodal magmatic association. Mafic rocks
of the same age occur and, according to geochemistry (normal-
ized patterns of REE), originated from the same magma source
as the acidic rocks. USTASZEWSKI et al. (2009) placed these
rocks into an intra-oceanic environment (island-arc, ocean island
or mid-ocean ridge setting), based on Sr and Nd isotopes.
CVETKOVIC et al. (2014) focused more on the acidic rocks
of the bimodal association from the northern part of Mt. Kozara
and confirmed the close petrogenetic link between basic and
acidic rocks. Furthermore, these authors revisited the basic suite
and concluded that the entire ophiolite slice from the northern part
of Mt. Kozara could represent the remnant of an anomalous ridge
segment (similar to present day Iceland). Cogenetic acidic mag-
mas most probably originated through the obduction-induced par-
tial melting of hydrated oceanic crust. These voluminous magmas
were emplaced as subaerial high-temperature rhyodacite-rhyolite.
Discrimination diagrams after BATCHELOR & BOWDEN
(1985) place rhyolites from the northern part of Mt. Kozara to-
gether with the rhyolite of Rupnica and the Mt. Pozeska Gora
granite in an anorogenic or postorogenic environment, whereas
rhyodacites from Mt. Kozara point to a somewhat different envi-
ronment (Fig. 11a). Rhyolite of Rupnica and the Mt. Pozeska
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Gora granite plot into the within plate or, less clearly, into the
volcanic arc field (Fig. 11b) of the discrimination diagrams after
PEARCE et al. (1984), whereas the rhyolite of Rupnica can be
discriminated from the Mt. Pozeska Gora granite (within-plate
setting vs. volcanic arc setting, Fig. 11c) in the Rb-Hf-Ta diagram
by HARRIS et al. (1986). According to HfO, vs. Y,0; contents
(7590-13574 ppm HfO,, mean 10372 ppm; 1495-7815 ppm Y,0s3,
mean 5033 ppm), which are directly connected to the contrasting
Hf and Y contents in zircon of orogenic and anorogenic rocks
(PUPIN, 2000), zircon from the rhyolite of Rupnica crystallized
from a hypersolvus or subsolvus alkaline granitic magma of
anorogenic origin (Fig. 7c).

According to the data presented here and those by BALEN
et al. (2020) discussed above, the rhyolite of Rupnica with a zir-
con U-Pb age of 81 Ma is related to the magmatism within the
Sava Zone, i.e. the collisional environment between the Adria and
Tisia microplates, and in the adjacent Tisia Mega-Unit. This col-
lision with Adria as a subducted plate caused hot mantle to rise,
leading to local extensional rift processes in the suture zone. The
subsequent crustal extension caused a fast extrusion of rhyolitic
magmas to the (sub)surface.

The igneous rocks of the Banatitic Magmatic and Metallo-
genetic Belt (BMMB, BERZA et al., 1998) of Late Cretaceous
age (ZIMMERMAN et al., 2008; overview in ILINCA et al.,
2011), known as banatites, extend to the Balkan-South Car-
pathian orogenic belt in southeastern Europe. Although the pe-
trology of the banatites is extremely diverse, geochemical data
(trace elements and isotope composition) point to subduction re-
lated magmas with sources in the upper mantle or even lower
crust (ILINCA et al., 2011). For the formation of the BMMB a
slab rollback model is plausible (ZIMMERMAN et al., 2008).
The rhyolite of Rupnica and the Mt. Pozeska Gora granite share
their age with those of banatites and therefore could represent the
westernmost occurrences of the BMMB, as has been previously
suggested by ILINCA et al. (2011). This opens a new link and
possible extension of research in the future, because the relation-
ship between the BMMB and the igneous rocks, which penetrated
the Sava Zone and Tisia Mega-Unit in the south-western part of
the Panonnian basin, is currently far from clear.

6. CONCLUSION

The chemical compositions of zircon, apatite, and whole-rock, as
well as the petrography of the rhyolite of Rupnica indicate that
the magma forming this rock originated from partial melting of
mid- to lower-continental crust at temperatures > 800 °C. The
compressional tectonics of the Adria microplate towards Europe
and the closure of the Neotethys Ocean caused the opening of lo-
cal extensional zones. In such a tectonic environment, the mag-
mas of the rhyolite of Rupnica were generated. These local ex-
tensional zones acted as pathways for the rapid ascent of hot, dry,
and oxidized acidic magmas to (sub)surface levels in the Late
Cretaceous at ca. 81 Ma. The rhyolite of Rupnica and the granite
from Mt. Pozeska Gora have similar geochemical characteristics;
both rocks formed contemporaneously from peraluminous, fer-
roan, alkali-calcic to alkalic A-type magmas of the same origin.
The Cretaceous (ca. 81 Ma) magmas intruded the Sava Zone and
the adjacent Tisia Mega-Unit.

ACKNOWLEDGMENT

The authors are grateful to Jarmila LUPTAKOVA () for her help
with Raman spectroscopy. The support with logistics provided
by the Papuk Nature Park and Goran RADONIC is greatly ap-

preciated. Our gratitude goes to Ralf SCHUSTER and Vladica
CVETKOVIC for their constructive comments and Vesnica
GARASIC for editorial handling. Support by the Croatian Sci-
ence Foundation (IP 2014-09-9541) is acknowledged.

REFERENCES

BALEN, D. & BROSKA, I. (2011): Tourmaline nodules: products of devolatilization
within the final evolutionary stage of granitic melt?— Geol. Soc. London Spec. Publ.,
350, 53-68. doi: 10.1144/SP350.4

BALEN, D. & PETRINEC, Z. (2011): Contrasting tourmaline types from peraluminous
granites: a case study from Moslavacka Gora (Croatia).— Mineral. Petrol., 102,
117-134. doi: 10.1007/s00710-011-0164-8

BALEN, D. & PETRINEC, Z. (2014): Development of columnar jointing in albite rhyo-
lite in a rapidly cooling volcanic environment (Rupnica, Papuk Geopark, Croatia).—
Terra Nova, 26, 102-110. doi: 10.1111/ter.12075

BALEN, D., SCHUSTER, R., GARASIC, V. & MAJER, V. (2003): The Kamenja&a ol-
ivine gabbro from Moslavacka Gora (South Tisia, Croatia).— Rad Hrvatske Aka-
demije Znanosti i Umjetnosti, 486, 27, 57-76.

BALEN, D., HORVATH, P., TOMLJENOVIC, B., FINGER, F., HUMER, B., PAMIC,
J. & ARKAL P. (2006): A record of pre-Variscan Barrovian regional metamorphism
in the eastern part of the Slavonian Mountains (NE Croatia).— Mineral. Petrol., 87/1,
143-162. doi: 10.1007/s00710-006-0120-1

BALEN, D., HORVATH, P,, FINGER, F. & STARIJAS, B. (2013): Phase equilibrium,
geothermobarometric and xenotime age dating constraints on the Alpine metamor-
phism recorded in chloritoid schists from the southern part of the Tisia Mega-Unit
(Slavonian Mts., NE Croatia).— Int. J. Earth Sci. (Geol. Rundsch.), 102, 1091-1109.
doi: 10.1007/s00531-012-0850-8

BALEN, D., MASSONNE, H.-J. & PETRINEC, Z. (2015): Collision-related Early Pa-
leozoic evolution of a crustal fragment from the northern Gondwana margin (Sla-
vonian Mountains, Tisia Mega-Unit, Croatia): Reconstruction of the P-T path, tim-
ing and paleotectonic implications.— Lithos, 232, 211-228. doi: 10.1016/j.lithos.
2015.07.003

BALEN, D., MASSONNE, H.-J. & LIHTER, 1. (2018): Alpine metamorphism of low-
grade schists from the Slavonian Mountains (Croatia): new P-T and geochrono-
logical constraints.— Int. Geol. Rev., 60/3, 288-304. doi: 10.1080/00206814.
2017.1328710

BALEN, D., SCHNEIDER, P, MASSONNE, H.-J., OPITZ, ], LUPTAKOVA, I., PUTIS,
M. & PETRINEC, Z. (2020): The Late Cretaceous A-type alkali-feldspar granite
from Mt. Pozeska Gora (N Croatia): Potential marker of fast magma ascent in the
Europe-Adria suture zone.— Geol. Charpath., 71/4, 361-381. doi: 10.31577/Geol-
Carp.71.4.5

BATCHELOR, R. A. & BOWDEN, P. (1985): Petrogenetic interpretation of granitoid
rock series using multicationic parameters.— Chem. Geol., 48, 43-55. doi:
10.1016/0009-2541(85)90034-8

BAU, M. (1996): Controls on the fractionation of isovalent trace elements in magmatic
and aqueous systems: evidence from Y/Ho, Zi/Hf, and lanthanide tetrad effect.—
Contrib. Mineral. Petrol., 123, 323-333. doi:10.1007/s004100050159

BELAK, M., MIKNIC, M., KRUK, B., KASTMULLER, Z. & KRUK, LJ. (2000): Ba-
zalt-glinoviti peperiti: litofacijesni i kronostratigrafski prinos poznavanju vulkanita
Budima kod Vo¢ina [Basalt-clayey limstone peperites: Lithofacies and chronostra-
tigraphic contribution to the knowledge of the volcanites of the Mt. Budim near
Vocéin—in Croatian, with an English abstract].— Zbornik radova, 2. Hrvatski geoloski
kongres, Institut za geoloska istrazivanja, 109-113.

BELOUSOVA, E.A., WALTERS, S., GRIFFIN, W.L., O’REILLY, S.Y. & FISHER, N.L
(2002a): Igneous zircon: trace element composition as an indicator of source rock
type.— Contrib. Mineral. Petrol., 143, 602-622. doi: 10.1007/s00410-002-0364-7

BELOUSOVA, E.A., GRIFFIN, W.L., O’REILLY, S.Y. & FISHER, N.I. (2002b): Apatite
as an indicator mineral for mineral exploration: Trace-element compositions and
their relationship to host rock type.—J. Geochem. Explor., 76, 45-69. doi: 10.1016/
S0375-6742(02)00204-2

BERZA, T., CONSTANTINESCU, E. & VLAD, S$.N. (1998): Upper Cretaceous mag-
matic series and associated mineralization in the Carpathian—Balkan Orogen.— Re-
sour. Geol., 48, 291-306. doi: 10.2478/s13386-011-0023-8

BISEVAC, V., BALOGH, K., BALEN, D. & TIBLJAS, D. (2010): Alpine (Cretaceous)
very low- to low-grade metamorphism recorded on the illite-muscovite-rich frac-
tion of metasediments from South Tisia (eastern Mt Papuk, Croatia).— Geol. Car-
path., 61, 469-481.

BOYNTON, W.V. (1984): Geochemistry of the rare earth elements: meteorite studies.—
In: HENDERSON, P. (ed.): Rare earth element geochemistry. Elsevier, 63-114.

BREITER, K. & SKODA, R. (2017): Zircon and whole-rock Zt/Hf ratios as markers of
the evolution of granitic magmas: Examples from the Teplice caldera (Czech Re-
public/Germany).— Mineral. Petrol., 111, 435-457. doi: 10.1007/s00710-017-
0509-z



266

BUROV, E., GUILLOU-FROTTIER, L., D’ACREMONT, E., LE POURHIET, L. &
CLOETINGH, S. (2007): Plume head-lithosphere interactions near intra-continen-
tal plate boundaries.— Tectonophys., 434, 15-38. doi:10.1016/j.tecto.2007.01.002

CROATIAN GEOLOGICAL SURVEY (2009): Geological Map of the Republic of Cro-
atia, 1:300.000 (Geoloska karta Republike Hrvatske).— Croatian Geological Survey,
Department of Geology, Zagreb (in Croatian).

CVETKOVIC, V., SARIC, K., GRUBIC, A., CVIJIC, R. & MILOSEVIC, A. (2014): The
Upper Cretaceous ophiolite of North Kozara — remnants of an anomalous mid-ocean
ridge segment of the Neotethys?— Geol. Carpath., 65, 117-130. doi: 10.2478/geo-
ca-2014-0008

DE LAROCHE, H., LETERRIER, J., GRANDCLAUDE, P. & MARCHAL, M. (1980):
A classification of volcanic and plutonic rocks using R1R2-diagram and major ele-
ment analyses — its relationships with current nomenclature.— Chem. Geol., 29,
183-210. doi: 10.1016/0009-2541(80)90020-0

DICKINSON, W. & GEHRELS, G. (2003): U-Pb ages of detrital zircons from Permian
and Jurassic eolian sandstones of the Colorado Plateau, USA: paleogeographic im-
plications.— Sediment. Geol., 163, 29-66. doi: 10.1016/S0037-0738(03)00158-1

EBY, G.N. (1990): The A-type granitoids: a review of their occurrence and chemical chara-
cteristics and speculations on their petrogenesis.— Lithos, 26, 115-134.
doi:10.1016/0024-4937(90)90043-Z

EBY, G.N. (1992): Chemical subdivision of the A-type granitoids: petrogenetic and tec-
tonic implications.— Geology, 20, 641-644.

ERDMANN, S., WODICKA, N., JACKSON, S.E. & CORRIGAN, D. (2013): Zircon
textures and composition refractory recorders of magmatic volatile evolution?—
Contrib. Mineral. Petr., 165, 45-71. doi: 10.1007/s00410-012-0791-z

FREZZOTTI, M.L., TECCE, F. & CASGALL A. (2012): Raman spectroscopy for fluid
inclusions analysis.— J. Geochem. Explor., 112, 1-12. doi: 10.1016/j.gexplo.2011.
09.009

FROST, C.D. & FROST, B.R. (2011): On ferroan (A-type) granitoids: their compositio-
nal variability and modes of origin.—J. Petrol., 32, 39-53. doi: org/10.1093/petrol-
ogy/egq070

FROST, B.R., BRANES, C.G., COLLINS, W.J,, ARCULUS, RJ., ELLIS, D.J. & FROST,
C.D. (2001): A geochemical classification for granitic rocks.—J. Petrol., 42, 2033—
2048. doi: 10.1093/petrology/42.11.2033

FU, B., PAGE, F.Z., CAVOSIE, J.C., FOURNELLE, J., KITA, N.T., LACKEY, J.S.,
WILDE, S.A. & VALLEY, J.W. (2008): Ti-in-zircon thermometry: applications and
limitations.— Contrib. Mineral. Petr., 156, 197-215. doi: 10.1007/s00410-008-0281-
5

GERVASONL, F,, KLEMME, S., ROCHA-JUNIOR, E.R.V. & BERNDT, J. (2016): Zir-
con saturation in silicate melts: a new and improved model for aluminous and al-
kaline melts.— Contrib. Mineral. Petr., 171, 21. doi: 10.1007/s00410-016-1227-y

HARRIS, N.B.W., PEARCE, J.A. & TINDLE, A.G. (1986): Geochemical characteristics
of collision- zone magmatism.— In: COWARD, M.P. & RIES, A.C. (eds): Collision
Tectonics.— Geol. Soc. London Spec. Publ., 19, 67-81.

HARRISON, T.M. & WATSON, E.B. (1984): The behavior of apatite during crustal ana-
texis: Equilibrium and kinetic considerations.— Geochim. Cosmochim. Acta, 48,
1467-1477. doi: 10.1016/0016-7037(84)90403-4

HOSKIN, P.W.O. & SCHALTEGGER, U. (2003): The composition of zircon and igne-
ous and metamorphic petrogenesis.— Rev. Mineral. Geochem., 53, 27-62. doi:
10.2113/0530027

HOSKIN, PW.O., KINNY, P.D., WYBORN, D. & CHAPPELL, B.W. (2000): Identify-
ing Accessory Mineral Saturation during Differentiation in Granitoid Magmas: an
Integrated Approach,—J. Petrol., 41/9, 1365-1396. doi: 10.1093/petrology/41.9.1365

HORVATH, P, BALEN, B., FINGER, F., TOMLIJENOVIC, B. & KRENN, E. (2010):
Contrasting P-T-t paths from the basement of the Tisia Unit (Slavonian Mts., NE
Croatia): application of quantitative phase diagrams and monazite age dating.—
Lithos, 117, 269-282. doi: 10.1016/j.lithos.2010.03.004

HORVAT, M., KLOTZLI, U., JAMICIC, D., BUDA, G., KLOTZLI. E. & HAUZEN-
BERGER, CH. (2018): Geochronology of granitoids from Psunj and Papuk Mts.,
Croatia.— Geochronometria, 45/1, 198-210. doi: 10.1515/geochr-2015-0099

HURAI V., HURAIOVA, M., SLOBODNIK, M. & THOMAS R. (2015): Geofluids —
Developments in Microthermometry, Spectroscopy, Thermodynamics, and Stable
Isotopes.— Elsevier, Amsterdam, 489 p.

ILINCA, G., BERZA, T., IANCU, V. & SEGHEDI, A (2011): Field Trip Guidebook, The
Late Cretaceous Magmatic and Metallogenetic Belt and the Alpine structures of the
western South Carpathians. 3™ International Symposium on the Geology of the
Black Sea Region, Bucharest, 1-10 October 2011, 117 p.

JAMICIC, D. (1983): Strukturni sklop metamorfnih stijena Krndije i juznih padina Pap-
uka [Structural fabric of the metamorphosed rocks of Mt. Krndija and the eastern
part of Mt. Papuk — in Croatian, with an English summary].— Geol. vjesnik, 36,
51-72.

JAMICIC, D. (1988): Strukturni sklop slavonskih planina [Structural fabric of the Slavo-
nian Mts. (northern Papuk, Psunj, Krndija) — in Croatian, with an English sum-
mary].— PhD Thesis, Faculty of Science, University of Zagreb, 152 p.

Geologia Croatica 75/2

JAMICIC, D. (1989): Osnovna geoloska karta SFRJ 1:100000, list Daruvar L 33-95 [Ba-
sic Geological Map of SFRY 1:100000, Daruvar sheet — in Croatian].— Geoloski
zavod, Zagreb, Savezni geoloski zavod, Beograd.

JAMICIC, D. & BRKIC, M. (1986): Osnovna geoloska karta SFRJ 1:100000, list Ora-
hovica L 33-96 [Basic Geological Map of SFRY 1:100000, Orahovica sheet — in
Croatian].— Geoloski zavod, Zagreb, Savezni geoloski zavod, Beograd.

JAMICIC, D., BRKIC, M., CRNKO, J. & VRAGOVIC, M. (1987): Osnovna geoloska
karta SFRJ 1:100000. Tumac¢ za list Orahovica L 33-96 [Basic Geological Map of
SFRY 1:100000, Geology of the Orahovica sheet — in Croatian].— Geoloski zavod,
Zagreb, Savezni geoloski zavod, Beograd, 72 p.

JAMICIC, D., VRAGOVIC, M. & MATICEC, D. (1989): Osnovna geoloska karta SFRJ
1:100000. Tumac za list Daruvar L 33-95 [Basic Geological Map of SFRY 1:100000,
Geology of the Daruvar sheet — in Croatian].— Geoloski zavod, Zagreb, Savezni
geoloski zavod, Beograd, 55 p.

JANOUSEK, V., FARROW, C.M. & ERBAN, V. (2006): Interpretation of whole-rock
geochemical data in igneous geochemistry: introducing Geochemical Data Toolkit
(GCDkit).— J. Petrol., 47, 1255-1259. doi: 10.1093/petrology/egl013

KEMPTON, P.D., HARMON, R.S., HAWKESWORTH, C.J. & MOORBATH, S. (1990):
Petrology and geochemistry of lower crustal granulites from the Geronimo Volca-
nic Field, southeastern Arizona.— Geochim. Cosmochim. Acta, 54, 3401-3426.
doi:10.1016/0016-7037(90)90294-U

KING, PL., WHITE, A.J.R., CHAPPELL, B.W. & ALLEN, C.M. (1997): Characteriza-
tion and origin of aluminous a-type granites from the Lachlan Fold Belt, Southeast-
ern Australia.— J. Petrol., 38, 371-391. doi:10.1093/petroj/38.3.371

KIRKLAND, C.L., SMITHIES, R.H., TAYLOR, R.J.M., EVANS, N. & MCDONALD,
B. (2015): Zircon Th/U ratios in magmatic environs.— Lithos, 212-215, 397-414.
doi: 10.1016/j.lithos.2014.11.021

KOCH, F. (1919): Grundlinien der Geologie von West-Slavonien.— Glasnik hrv. prir. dr.,
31/2,217-236.

LUGOVIC, B. (1983): Efuzivne stijene sjeverozapadnog dijela Papuka. [Extrusive rocks
from the NW part of Mt. Papuk (Croatia, Yugoslavia) — in Croatian, with an English
summary].— Geol. vjesnik, 36, 131-156.

LUZAR-OBERITER, B., MIKES, T., DUNKL, I, BABIC, LJ. & VON EYNATTEN, H.
(2012): Provenance of Cretaceous synorogenic sediments from the NW Dinarides
(Croatia).— Swiss J. Geosci., 105, 377-399. doi: 10.1007/s00015-012-0107-3

MCLENNAN, S.M. (1994): Rare earth element geochemistry and the “tetrad” effect.—
Geochim. Cosmochim. Acta, 58, 2025-2033. doi:10.1016/0016-7037(94)90282-8

PACES, J.B. & MILLER, J.D. (1993): Precise U-Pb ages of Duluth Complex and related
mafic intrusions, northeastern Minnesota: geochro nological insights into physical,
petrogenetic, paleomagnetic and tectonomagmatic processes associated with the 1.1
Ga midcontinent rift system.— J. Geophys. Res., 98, 13997-14013. doi:
10.1029/931B01159

PAMIC, J. (1987): Mladoalpinski alkalijsko-feldspatski graniti (aljaskiti) Pozeske gore u
Slavoniji [ Young-Alpine alkali feldspar granites (alaskites) from Mt. Pozeska Gora
in Slavonia, northern Yugoslavia — in Croatian, with English summary].— Geologi-
ja, 30, 183-205.

PAMIC, J. (1991): Gornjokredne bazaltoidne i piroklastiéne stijene iz vocinske vulkanske
mase na Papuku (Slavonija, sj. Hrvatska) [Upper Cretaceous basaltoid and pyro-
clastic rocks from the Vocin volcanic mass on the Papuk Mt. (Slavonija, Northern
Croatia) — in Croatian, with an English summary].— Geol. vjesnik, 44, 161-172.

PAMIC, J. (1993): Eoalpine to Neoalpine magmatic and metamorphic processes in the
northwestern Vardar Zone, the easternmost Periadriatic Zone and the southwestern
Pannonian Basin.— Tectonophysics, 109, 273-307. doi: 10.1016/0040-
1951(93)90135-7

PAMIC, J. (1997): Vulkanske stijene Savsko-dravskog medurijecja i Baranje (Hrvatska)
[Volcanic rocks of the Sava-Drava interfluve and Baranja (Croatia) — in Croatian,
with English summary].— Nafta, Zagreb, 192 p.

PAMIC, J. (2002): The Sava-Vardar Zone of the Dinarides and Hellenides versus the Var-
dar Ocean.— Eclogae Geol. Helv., 95, 99-113. doi: 10.5169/seals-168948

PAMIC, J. & INJUK, J. (1988): Alpinske granitoidne stijene Prosare u sjevernoj Bosni.—
Zbor. ref. nau¢. skupa “Minerali, stijene, izumrli i zivi svijet BiH”, 93-103, Sarajevo.

PAMIC, J. & LANPHERE, M. (1991a): Hercynian granites and metamorphic rocks from
the Papuk, Psunj, Krndija and the surrounding basement of the Pannonian Basin
(Northern Croatia, Yugoslavia).— Geologija, 34, 81-253.

PAMIC, J. & LANPHERE, M. (1991b): A-type granites from the collisional area of the
northernmost Dinarides and Pannonian Basin. Neues Jahrb. Mineral. Abh., 161,
215-236.

PAMIC, J., LANPHERE, M. & MCKEE, E. (1988): Radiometric ages of metamorphic
and associated igneous rocks of the Slavonian Mountains in the southern part of the
Pannonian basin.— Acta Geol., 18, 13-39.

PAMIC, J., INJUK, J. & JAKSIC, M. (1988/1989): Prilog geokemijskom poznavanju gorn-
jokredne bimodalne vulkanske asocijacije Pozeske gore u Slavoniji (Sjeverna Hrvats-
ka, Jugoslavija) [Some geochemical features of the Upper Cretaceous bimodal vol-
canic association from the PozeSka Gore Mt. in Slavonija (northern Croatia,
Yugoslavia) — in Croatian, with an English summary].— Geologija, 31-32, 415-435.



Schneider et al.: Dating and geochemistry of zircon and apatite from rhyolite at the UNESCO geosite Rupnica (Mt. Papuk, northern Croatia) ... 267

PATINO DOUCE, A.E. (1997): Generation of metaluminous A-type granites by low-
pressure melting of calc-alkaline granitoids.— Geology, 25, 743-746.
doi:10.1130/0091-7613

PICCOLI, PM, & CANDELA, P.A. (1994): Apatite in felsic rocks: a model for the esti-
mation of initial halogen concentrations in the Bishop Tuff (Long Valley) and Tu-
olumne Intrusive Suite (Sierra Nevada Batholith) magmas.— Am. J. Sci., 294,
92-135. doi: 10.2475/ajs.294.1.92

PICCOLI PM. & CANDELA, P.A. (2002): Apatite in Igneous Systems.— Rev. Mineral.
Geochem., 48, 255-292. doi: 10.2138/rmg.2002.48.6

PEARCE, J.A. (1996): Sources and settings of granitic rocks.— Episodes, 19, 120-125.
doi: 10.18814/epiiugs/1996/v19i4/005

PEARCE, J.A., HARRIS, N.B.W. & TINDLE, A.G. (1984): Trace element discrimina-
tion diagrams for the tectonic interpretation of ranitic rocks.— J. Petrol., 25, 956-981.

POLJAK, J. (1939): Izvjestaj o geoloskom snimanju lista Slatina-Vocin (1:25.000).—
Godisnjak Geol. inst. Kr. Jug. 1938, 1, 89-92, Beograd (in Croatian).

PUPIN, J.P. (1980): Zircon and granite petrology.— Contrib. Mineral. Petr., 73, 207-220.
doi: 10.1007/BF00381441

PUPIN, J.P. (2000): Granite genesis related to geodynamics from Hf-Y in zircon.— Trans.
R. Soc. Edinburgh: Earth Sci., 91, 245-256. doi : 10.1017/S0263593300007410

PUPIN, J.P. & TURCO, G. (1972): Une typologie originale du zircon accessoire— Bull.
Soc. Fr. Minéral. Cristallogr., 95, 348-359.

SCHILLER, D. & FINGER, F. (2019): Application of Ti-in-zircon thermometry to gran-
ite studies: problems and possible solutions.— Contrib. Mineral. Petr., 174, 51. doi:
10.1007/s00410-019-1585-3

SCHMID, S.M., BERNOULLI, D., FUGENSCHUH, B., MATENCO, L., SCHEFER,
S., SCHUSTER, R., TISCHLER, M. & USTASZEWSKI, K. (2008): The Alps—
Carpathians—Dinarides connection: a compilation of tectonic units.— Swiss J. Geos-
ci., 101, 139-183. doi: 10.1007/s00015-008-1247-3

SCHMID, S.M., FUGENSCHUH, B., KOUNOV, A., MATENCO, L., NIEVERGELT,
P., OBERHANSLI, R., PLEUGER, J., SCHEFER, S., SCHUSTER, R.,
TOMLIJENOVIC, B., USTASZEWSKI, K. & VAN HINSBERGEN, D.J.J. (2020).
Tectonic units of the Alpine collision zone between Eastern Alps and western Tur-
key.— Gondwana Res., 78, 308-374. doi: 10.1016/j.gr.2019.07.005

SHAULIS, B., LAPEN, T.J. & TOMS, A. (2010): Signal linearity of an extended range
pulse counting detector: Applications to accurate and precise U-Pb dating of zircon
by laser ablation quadrupole ICPMS.— Geochem. Geophys. Geosyst., 11, QOAAT11.
doi: 10.1029/2010GC003198

SKJERLIE, K.P. & JOHANSON, A.D. (1993): Fluid-absent melting behavior of an F-rich
tonalitic gneiss at mid-crustal pressures: implications for the generation of anoro-
genic granites.— J. Petrol., 34, 785-815. doi:10.1093/petrology/34.4.785

SLAMA, J.,KOSLER, J., CONDON, D.J., CROWLEY, ] L., GERDES, A., HANCHAR,
JM., HORSTWOOD, M.S.A., MORRIS, G.A., NASDALA, L., NORBERG, N.,
SCHALTEGGER, U., SCHOENE, N., TUBRETT, M.N. & WHITEHOUSE, M.J.
(2008): Plesovice zircon — a new natural reference material for U-Pb and Hf isoto-
pic microanalysis.— Chem. Geol., 249, 1-35. doi: 10.1016/j.chemge0.2007.11.005

SLODCZYK, E., PIETRANIK, A., BREITKREUZ, C., FANNING, C., ANCZKIEWICZ,
R., EHLING, B.-C. (2016): Rhyolite magma evolution recorded in isotope and trace
element composition of zircon from Halle Volcanic Complex.— Lithos, 248-251,
402-417. doi: 10.1016/j.lith0s.2016.01.029

SLOVENEC, D., BELAK, M., MISUR, I, SEGVIC, B. & SCHUSTER, R. (2020): The
early Paleozoic cumulate gabbroic rocks from the southwest part of the Tisza Mega-

Unit (Mt. Papuk, NE Croatia): evidence of a Gondwana suture zone.— Int. J. Earth.
Sci. (Geol. Rundsch.), 109, 2209-2233. doi: 10.1007/s00531-020-01896-8

STARIJAS, B., GERDES, A., BALEN, D., TIBLJAS, D. & FINGER, F. (2010): The
Moslavacka Gora crystalline massif in Croatia: a Cretaceous heat dome within rem-
nant Ordovician granitoid crust.— Swiss. J. Geosci., 103, 61-82. doi: 10.1007/
$00015-010-0007-3

STRECKEISEN, A. (1974): Classification and nomenclature of plutonic rocks.— Geol.
Rundsch., 63, 773-786.

STRECKEISEN, A. (1978): IUGS Subcommission on the Systematics of Igneous Rocks:
Classification and nomenclature of volcanic rocks, lamprophyres, carbonatites and
melilitic rocks; recommendation and suggestions.— Neues Jb. Mineral Abh., 134,
1-14.

STUR, D. (1861/62): Die neogen tertidren Ablagerungen von West Slavonien.— Jahrb.
Reichanst, 12, 285-299.

SUN, S.S. & MCDONOUGH, W.F. (1989): Chemical and isotopic systematics of oce-
anic basalts: implications for mantle composition and processes.— In: SAUNDERS,
A.D. & NORRY, M.J. (eds.): Magmatism in ocean basins.— Geol. Soc. Spec. Publ.,
42,313-345. doi: 10.1144/GSL.SP.1989.042.01.19

TAJIDER, M. (1956): Albitski efuzivi okolice Vo¢ina i njihova geneza [The albite volca-
nic rocks of the Voc¢in area and their origin — in Croatian, with an English summa-
ry]—Acta geol. 1 (Prir. istraz. JAZU), 27, 35-48.

TAJDER, M. (1960): Anortoklasni egirinski riolit iz potoka Rupnice kod Vocina [4nor-
thoclase-aegirine-rhyolite from Rupnica brook near Voéin — in Croatian, with an
English summary].— Acta geol. 2 (Prir. istraz. JAZU), 29, 95-101.

USTASZEWSKI, K., SCHMID, S.M., LUGOVIC, B., SCHUSTER, R., SCHALTEG-
GER, U., BERNOULLI, D., HOTTINGER, L., KOUNOV, A., FUGENSCHUH,
B. & SCHEFER, S. (2009): Late Cretaceous intra-oceanic magmatism in the inter-
nal Dinarides (northern Bosnia and Herzegovina): implications for the collision of
the Adriatic and European plates.— Lithos, 108, 106-125. doi: 10.1016/j.lith-
0s.2008.09.010

USTASZEWSKI, K., KOUNOV, A., SCHMID, S.M., SCHALTEGGER, U., KRENN,
E.,FRANK, W. & FUGENSCHUH, B. (2010): Evolution of the Adria—Europe plate
boundary in the northern Dinarides: from continent—continent collision to back-arc
extension.— Tectonics, 29, TC6017. doi: 10.1029/2010TC002668

WANG, X, GRIFFIN, W.L. & CHEN, J. (2010): Hf contents and Zr/Hf ratios in granitic
zircons.— Geochem. J., 44, 65-72. doi: 10.2343/geochemj.1.0043

WATSON, E.B. & HARISSON, T.M. (1983): Zircon saturation revisited: temperature and
composition effects in a variety of crustal magma types— Earth Planet. Sci. Lett.,
64, 295-304. doi: 10.1016/0012-821X(83)90211-X

WATSON, E.B., WARK, D.A. & THOMAS, J.B. (2006): Crystallization thermometers
for zircon and rutile.— Contrib. Mineral. Petr., 151, 413-433. doi: 10.1007/s00410-
006-0068-5

WHALEN, J.B., CURRIE, K.L. & CHAPPELL, B.W. (1987): A-type granites: geochemi-
cal characteristics, discrimination and petrogenesis.— Contrib. Mineral. Petr., 95,
407-419. doi: 10.1007/BF00402202

ZIMMERMAN, A., STEIN, H.J., HANNAH, J.L., KOZELJ, D., BOGDANOV, K. &
BERZA, T. (2008): Tectonic configuration of the Apuseni—Banat-Timok—Sredno-
gorie belt, Balkans-South Carpathians, constrained by high precision RE-OS mo-
lybdenite ages.— Miner. Deposita, 43/1, 1-21. doi: 10.1007/s00126-007-0149-z



