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Abstract: Albite granite from Mt. Medvednica in northern Croatia is the only known surface appearance of granite in
the complex Zagorje-Mid-Transdanubian zone. This granite contains almost pure albite (Any,, ~50-55 vol. %), quartz
(~20-25 vol.%), epidote (~1 vol.%), phengite (5-12 vol.%), and secondary chlorite (~10—15 vol.%) and calcite
(~5 vol.%). Accessories are zircon, apatite, and ilmenite. The granite has a calc-alkaline geochemical signature with
a metaluminous and high-Na character. CaO, MgO, and FeO contents are relatively low. Normalised contents of rare-
earth elements (REE) show a relatively flat distribution of those that are heavy, suggesting a magma source in the lower
continental crust. The modelled empirical relationship for average crustal thickness based on Sr/Y ratio and contents of
REE indicates a 34 km thick continental crust. Zircon typology is characterised by the predominance of {100} prisms and
{101} bipyramids. This typology, zircon chemistry, zircon saturation temperature (775 °C), and Ti-in-zircon temperature
(mean 785 °C) also suggest a deep-seated magma source. Epidote and perhaps phengite crystallised at a pressure around
1.0 GPa from the melt according to thermodynamic modelling. Temperatures were 650 °C or more at this stage. A U-Pb
concordia age of 242.9+4.0 Ma (20) was determined on zircon coinciding with the Middle Triassic peak of magmatic
activity in the Dinarides, but also in the Southern Alps and Western Carpathians. The age is interpreted as marking
the beginning of the fragmentation of continental lithosphere and the onset of rifting processes, which was followed by

the broadening of the newly-formed Neotethys Ocean.
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Introduction

Recent research on rocks from Mount (Mt.) Medvednica in
Croatia has mainly concentrated on ophiolite-related igneous
rocks and the ophiolite mélange with ultramafic rocks, basic
intrusives, and volcanic rocks (e.g., Halami¢ 1998; Babi¢ et al.
2002; Gorican et al. 2005; Lugovi¢ et al. 2007; Slovenec et al.
2007, 2010, 2011; Palinkas et al. 2008; Slovenec & Lugovi¢
2012), as well as low-grade metamorphic rocks (e.g., Judik et
al. 2004, 2006; Lugovic¢ et al. 2006; van Gelder et al. 2015),
that include rare occurrences of high(er)-pressure varieties
(Belak & Tibljas 1998). In addition to the basic objectives,
such as determination and definition of rock units and comple-
xes, the focus of this research was on the opening, extension,
and closure of the Neotethys oceanic domain. The geological
complexity of Mt. Medvednica, combined with the available
rock types, dictated the selection of approaches and methods
typical for research of ultramafic and mafic igneous rocks,
low-grade metamorphic rocks, and fossil-bearing sedimentary
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rocks. The only known locality where granite occurs (the fores-
ted area of Krizevna Bukva), has been broadly ignored.
Information presented by Majer & Majer (1974), as well as in
geological compilations (explanatory notes to the Basic Geo-
logical Map: Basch 1981, 1983), including the geological
guidebook with maps of Mt. Medvednica (Siki¢ 1995),
provide only basic petrographic information and vaguely-
constrained geological ages. Research on the granite by Majer
& Majer (1974) revealed the existence of epidote and zircon,
which is useful for petrogenetic considerations. These mine-
rals, especially in combination with microtextural charac-
teristics and geochemistry (e.g., Schmidt & Poli 2004 and
references therein on epidote; Belousova et al. 2002; Breiter &
Skoda 2017 and references therein on zircon), can disclose
the (assumed Mesozoic) geological evolution of the addressed
area.

The aim of this study is to re-evaluate the petrographic
and geochemical characteristics of the albite granite from
Mt. Medvednica. Therefore, with this study, we add reliable
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constraints to the onset of the Mesozoic geodynamic evolution
of a local branch of the Neotethys Ocean. The information on
magma evolution and petrogenesis is provided by characteris-
tics of the granite and critical minerals therein. We use new
data on epidote chemistry and combine them with the zircon
trace and isotopic chemistry to unravel and reconstruct the
age, origin, and evolution of the acidic magma as a conse-
quence of the onset of large-scale geodynamic processes.

Geological setting

Mt. Medvednica is positioned in the southwestern part of
the Pannonian Basin within the Zagorje-Mid-Transdanubian
zone (Pami¢ & Tomljenovi¢ 1998), which forms a large sepa-
rate unit at the junction of the Alpine and Dinaridic nappe
stacks and the Tisia Mega-Unit continental block. This posi-
tion determines the geological complexity of Mt. Medvednica,
which comprises tectonic features of the above-mentioned
orogenic chains and block. Various Palaeozoic, Mesozoic and
Palacogene rocks are exposed within the pre-Neogene core,
which is a sort of inselberg surrounded by Neogene and
Quaternary rocks and sediments (Siki¢ et al. 1978, 1979;
Basch 1981, 1983, Fig. la—c). The core of Mt. Medvednica
comprises four tectonostratigraphic units derived from oceanic
and continental realms (Tomljenovi¢ 2002): (1) an Eo-Alpine
(Cretaceous) metamorphic complex that developed from
Palaeozoic—-Mesozoic sedimentary and magmatic formations,
(2) a Jurassic ophiolitic mélange, (3) a Late Cretaceous—Palaeo-
cene sedimentary sequence (Gosau cover), and (4) Triassic
clastic and carbonate deposits of the Zumberak—Medvednica
Nappe. The regional compressional event, generated by the
N-NW-directed ophiolite obduction, caused low-grade meta-
morphism in Mt. Medvednica during the Early Cretaceous
(at 122—110 Ma) as demonstrated by K—Ar ages (Belak et al.
1995).

In the eastern part of Mt. Medvednica, in the area known as
Krizevna Bukva in the vicinity of the small municipality of
Zelina, three small bodies of igneous rocks (in total less than
1 km?) were mapped and described as albite granite with
subordinate varieties of quartz diorite, granophyre, diorite,
and keratophyre (Majer & Majer 1974, Fig. lc inset). These
rocks can be found in metamorphosed Lower Permian (?)
clastic rocks and Lower Triassic sedimentary rocks (Basch
1981) with a non-discernible contact due to vegetation cover.
However, the contact between igneous rocks with the Lower
Permian (?) clastic rocks is outlined as tectonic in the geolo-
gical map, whereas the Lower Triassic clastic and Miocene
(Badenian carbonate and clastic) sedimentary rocks are repor-
ted to be transgressive over the igneous rocks (e.g., the map in
Siki¢ 1995 as the most recent compilation). In the Geological
guidebook of Mt. Medvednica (Siki¢ 1995), the age of the
igneous rocks is marked as Lower Permian-Middle Triassic
with a question mark. In fact, Basch (1981) suggested an
approximate Lower Permian age; however, it was also noted
that the question of age is still open.
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The upper Palaeozoic and Lower Triassic sedimentary rocks
in the investigated area, as well as in the wider Alpine—
Carpathian—Dinaridic context, particularly in the area that
became part of the Dinarides, are mainly clastic (e.g., Pami¢
& Balen 2005, Stampfli & Kozur 2006). At the onset of
the Middle Triassic, the geodynamics of the area changed due
to the opening of the Neotethys. This led to diversity of depo-
sitional environments and intensive magmatic activity form-
ing volcanic and pyroclastic rocks. This Middle Triassic
geodynamic activity is related either to continental rifting
(e.g., Pami¢ & Balen 2005) or to convergent movements of
lithospheric plates initiated by the subduction of the Palaeo-
tethys (e.g., Stampfli & Kozur 2006).

Analytical methods

Samples and optical investigation

Approximately a dozen samples of acidic igneous rocks
from the Krizevna Bukva area were collected during field
campaigns. Optical investigations were performed on standard
thin sections using a Zeiss Axiolab polarising microscope
with 25%, 100x, 200, and 500x magnifications, a Canon EOS
500D camera, and the software packages EOS Utility and
AxioVision 4.8.2. Based on the macroscopic field determi-
nations and optical investigations, sample XGO2 (GPS coor-
dinates: N 45.9685°, E 16.1741°) was selected as the repre-
sentative for thermodynamic modelling, as well as for analyses
of the geochemistry of the whole rock and major and acces-
sory minerals. Therefore, the selected sample represents
a fixed chemical system for tracing minerals and reactions
during its P-T—t evolution.

Whole-rock geochemistry

Sample XGO2 was crushed in a jaw crusher, powdered in
an agate mill, and analysed at Bureau Veritas Commodities
Canada Ltd (Vancouver) by inductively-coupled plasma mass
spectrometry (ICP-MS) for trace elements, while inductively-
coupled plasma emission spectrometry (ICP-ES) was used for
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,B,0, fusion for ICP-ES and ICP-MS. The analytical
accuracy was controlled using internal geological reference
materials, the compositions of which are comparable to the
rocks in this study (STD SO-18/CSC, STD DS7, STD SO-18).
Loss on ignition (LOI) was determined by weight difference
before and after 4 hours ignition at 1000 °C. The CO, content
was analysed separately by gravimetry with a Schrotter
decomposition apparatus. This content was subtracted from
the LOI. The result was attributed to H,O*. The obtained geo-
chemical data were processed with the GCDkit software
(Janousek et al. 20006).



EVOLUTION OF EPIDOTE-BEARING ALBITE GRANITE FROM MT. MEDVEDNICA (CROATIA) 413

(a) ___//16"’!5 g W. Carpathians z 7?(
Eastern LC P\P A

o N
Budapest ¢ VWK
= “ (b) CARPATH,
100 km Ang

I:I mountain belts

A

vV £

Phiolitic (¢

100 km
AN
N & B
\ A
0 - |
2 s8b
TV SvNvan Zelina
1)
: I o\ g,
s ~ Noi) A D3
13 BN =) z U 2 y €] % 1y "
A (8 “— s Kasina 82| l.r,la /)
;:\55' W e 2 A0 B S
TN ) Z
J4 g A
\ L4
Zapresic¢ -
- ) ) A

Drenovg ——_ M. Reka 4[

A576

d —s | ZAGREB a 4 £ -
e — WF’"”@) Kq KRIZEVNA BUKVA

1 km

CC "
¥ | keratophyres [* 4+ granitoids

Z\atoka

Fig. 1. Simplified maps of (a) the Pannonian—Carpathian—Dinaridic—Alpine region showing the major structural units according to Schmid
et al. (2008) with the Mt. Medvednica area marked by a quadrangle (the map is slightly modified from Luzar-Oberiter et al. 2012) and
(b) the mountain belts surrounding the Pannonian Basin. ¢ — Geological map of the Mt. Medvednica area (after Croatian Geological Survey
2009) and sketch map of the igneous rocks at Mt. Medvednica (Krizevna Bukva locality) from Majer & Majer (1974). The position of the study
area is marked by the quadrangle and circled star. Legend: 5 — orthometamorphic rocks (Palacozoic, ?Triassic); 6 — parametamorphic rocks
(Palaeozoic, ?Triassic); 12 — igneous rocks: quartz-diorites, granodiorites, keratophyres (?Permian); 14 — clastic sedimentary deposits (Early
Triassic, Sajske i Kampilske naslage); 15 — carbonate deposits (Middle Triassic); 20 — dolomites (Late Triassic: Norian, Rhaetian); 31b — ophio-
lites: igneous rocks (Middle and Late Jurassic); 36 — carbonate clastic sedimentary deposits (mostly flysch) and Scaglia limestones (Late
Cretaceous); 38 — carbonate flysch and clastic sedimentary deposits (Palacocene, Eocene); 44 — clastic sedimentary deposits and carbonates
(Miocene, M, ;); 46 — litavac (bioclastic beech carbonate) and clastic sedimentary deposits with volcanic rocks (Miocene, M,); 47 — carbonate
clastic deposits (Miocene, M;); 48 — clastic sedimentary rocks and coal (Miocene, M,); 54a — loess (Pleistocene); 54b — marsh loess
(Pleistocene); 57b — marsh deposits (Holocene); 58a — diluvial-proluvial deposits (Holocene); 58b — alluvial deposits (Holocene).
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Electron-microprobe analyses of minerals

Chemical analyses and back-scattered electron (BSE) ima-
gery of minerals were performed with the wavelength-dis-
persive system of a CAMECA SX100 electron microprobe
(EMP) at the Institut fiir Mineralogie und Kristallchemie,
Universitét Stuttgart, Germany. Operating conditions for quan-
titative analysis included an accelerating voltage of 15 kV,
a beam current of 15 nA, and a beam diameter of about 3 pum.
Counting times of 20 s per element at the peak as well as on
the background were applied. Natural minerals and pure oxi-
des (albite, periclase, corundum, wollastonite, orthoclase, rutile,
rhodonite, fayalite, barite, Fe,O,, Cr,0;) were used as stan-
dards. The PAP correction procedure provided by CAMECA
was utilised. A detailed description of the analytical errors is
given by Massonne (2012).

Additional analyses of mineral compositions were also
obtained witha CAMECA SX100 EMP at the State Geological
Institute of Dionyz Stur in Bratislava, Slovakia. The operating
conditions for EMP analysis were 15 kV accelerating voltage,
20 nA beam current, and beam diameters typically between 3
and 5 pm. Standards included minerals, metals, and chemical
compounds (wollastonite, TiO,, Al,O,, Cr, fayalite, rhodonite,
forsterite, LiF, Ni, V, willemite, NaCl, SrTiO, barite, orthoclase
and albite). Detection limits for major elements are 0.01-
0.02 wt.%. The matrix effects were corrected by the conven-
tional ZAF (atomic number-absorption-fluorescence) method.

Scanning electron microscopy

Zircon grains were separated from the sample by a standard
procedure of extraction from the host rock: crushing of the
rock, sieving, heavy-liquid separation with sodium polytung-
state, magnetic separation, and hand-picking. Grains were
graphite coated and analysed using the scanning electron
microscope (SEM) Tescan Vega TS5136MM, which was
equipped with an Oxford Instruments EDS INCA 200 and
a BSE detector at the Department of Geology, Faculty of
Science, University of Zagreb to detect the external morpho-
logy of individual zircon grains. Analyses with the EDS were
performed at an accelerating voltage of 20 kV.

Laser ablation—inductively coupled plasma—mass spectro-
metry (LA-ICP-MS)

Isotopic concentrations of selected elements in zircon were
determined by LA-ICP-MS. Analyses were performed at
the Institut fiir Mineralogie und Kristallchemie, Universitét
Stuttgart (Germany), using an AGILENT 7700 spectrometer
after laser ablation with a CETAC LSX-213 laser system.
The diameter of the ablated spots was 25 um. The laser energy
was set to 100 % of the maximum (100 %=4 mJ at a spot
diameter of 150 um) at a laser pulse frequency of 10 Hz and
330 (for elemental concentrations) or 375 (for dating) laser
pulses per analysis. A mixed He and Ar gas flow with 500 ml/
min and 800 ml/min, respectively, served as a carrier of the
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ablated material into the ICPMS system. Zircon grains sepa-
rated from the albite granite of Mt. Medvednica had been
mounted in an epoxy resin and polished to expose the centre of
the grains. Details of the data evaluation methods and correc-
tions are given in Balen et al. (2020).

Chemical analysis of zircon

The standards for the determination of elemental concentra-
tions in zircon were the following glasses: DLH7 and DLHS8
from P&H Developments Ltd. and NIST612 and NIST610
from the National Institute of Standards and Technology, USA.
The validity of the calibration, data evaluation, and reprodu-
cibility were checked with the reference materials Diorite
(DRN) and Zinnwaldite (ZW-C) from Service d’Analyses des
Roches et des Minéraux du CNRS. Relative elemental con-
centrations were calculated from the abundance of the corres-
ponding isotope, assuming natural isotopic distributions and
individual calibration factors, which were determined under
the same experimental conditions. Absolute elemental concen-
trations were calculated on the basis of the known absolute
elemental concentration of an internal reference element.

For the chemical analysis of zircon, the following isotopes
were monitored: $%Si, 3P, #4Ca, “T1, 'V, 32Cr, *Mn, *>>'Fe,
99Co0, Ni, Zn, "'Ga, Sr, Y, 9 Zr, Nb, '5Sn, 1*’Ba, '“La,
140Ce, 4P, 16N, 1471498, 1SLISSEy, 157Gd, 19Tb, 611Dy,
léSHO, “’"Er, 169Tm’ 172Yb, 175Lu, 177’178Hf, ”“Ta, 208Pb’ 232Th, and
28U, All elemental concentrations were calculated relative to
Si=15.14 wt. %, a value which is taken as an internal reference
value in ideally composed zircon, ZrSiO,, since Si is rarely
replaced by other elements in the zircon structure. The con-
centrations of elements, which are usually not incorporated in
zircon, were either very close to the detection limit or clearly
elevated and therefore ascribed to inclusions in zircon.

Zircon dating

For zircon dating and isotopic corrections with LA-ICP-MS,
the following natural zircon reference materials were used:
FC1 (1099.0+0.6 Ma, Paces & Miller 1993), Peixe (564+4 Ma,
Dickinson & Gehrels 2003; 558+2.7 Ma, Shaulis et al. 2010),
and Plesovice (337.13+0.37 Ma, Slama et al. 2008). The fol-
lowing masses were measured: 2?Hg, 2(Hg+Pb), 2°Pb, 2°’Pb,
208pp, 232Th, 25U, U, and ***UO. Method and corrections
used for data evaluation are described in detail in Balen et al.
(2020). By dating the reference materials as unknowns using
the aforementioned method and corrections, the obtained
concordia ages, plotted in the 2°°Pb/?*U vs. 27Pb/*°U diagram
(FC1=1101.7£14.2 Ma, n=6; Peixe=564.0+7.2 Ma, n=8§;
Plesovice=338.9+£5.0 Ma, n=6; all errors in 20), fit well
with the literature values.

Geothermobarometry

The classical geothermometric approach applied here inclu-
des calculations of the zircon saturation temperature according
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to Watson & Harrison (1983), using the whole-rock Zr con-
centration and the Ti-in-zircon temperatures based on the
research by Watson et al. (2006). The latter temperatures were
determined from analyses of selected zircon grains that did not
show significant Ti-enrichment caused by Ti-rich inclusions.

The PERPLE X (version 6.8.9, updated February 2020)
computer-program package (Connolly 1990, 2005; Connolly
& Petrini 2002) was used to calculate pressure—temperature
(P-T) fields and vol.% of major minerals and silicate melt
in the range of 0.2—1.8 GPa and 600-900 °C for the system
Na—Ca—K-Fe-Mg—-Al-Si-Ti-H-O. The whole-rock chemical
composition of the granite was slightly modified to fit this sys-
tem as follows: (1) the CaO content was reduced for Ca on the
basis of the CO, determination and apatite according to the
bulk-rock phosphorus content, assuming that this element (P)
was bound exclusively to (ideally composed) apatite, (2) 10 %
of the Fe was assumed to be trivalent (e.g., Massonne et al.
2007), (3) H,O was set to 3 wt. %, and (4) the bulk was nor-
malised to 100 wt. %.

The calculations were performed with the thermodynamic
dataset hp62ver.dat of Holland & Powell (2011) and the fol-
lowing solid-solution models: cAmph(G) for clinoamphibole
(Green et al. 2016), Fsp(C1) for feldspar (Holland & Powell
2003), Ilm(WPH) for ilmenite (White et al. 2000, 2014),
Gt(HGP) for garnet and Sp(HGP) for spinel (Holland et al.
2018), Bi(HGP) for biotite, Mica(W) for white mica, Chl(W)
for chlorite (White et al. 2014) and Ep(HP11) for clinozoisite—
epidote (Holland & Powell 2011). The model melt(HGP) was
used for silicate melt (Holland et al. 2018). During calcula-
tions, the cAmph(G) solution model reached internal compo-
sition limits that were relaxed following software recommen-
dations, whereas Sp(HGP) was rejected from the calculations.
Additional calculations with 0.5, 1.0, and 2.0 wt. % H,O were
performed to verify our initial calculation settings including
potential shifts of P-T fields for minerals. Further calculations
were undertaken to check the influence of a stronger sub-
traction of CaO from the analysed bulk-rock composition in
addition to those mentioned above, because the amount of
carbonate in the rock could not be precisely determined.

The P-T diagrams were contoured by isolines of the calcu-
lated phase modes using the sub-programs werami and pstable
in PERPLE_X. Modal content and composition of phases at
specific P-T conditions were calculated with the meemum sub-
program. The obtained graphical results were taken as raw data
and thus redrawn manually by smoothing curves as demon-
strated by Connolly (2005) to produce the final diagrams.

Results
Petrography
The rock is light greyish-green to light green in hand spe-
cimens and exhibits a homogeneous granitic texture with

medium (0.2-0.5 mm, up to ~1-2 mm) grain size. Textures
resulting from intense cataclastic tectonism are also visible.

415

Microscopic investigation shows that the studied sample
is leucocratic, fine- (up to 1mm) to medium- (rarely 1-2 mm
in size) grained and isogranular (Fig. 2a,b). The texture of
the rock vaguely resembles ophitic varieties of basic rocks.
The sample consists of subhedral to anhedral quartz grains
(ca. 20-25 vol.%), which are less than 1 mm in size.
Equidimensional subhedral to euhedral plagioclase (ca. 50—
55 vol.%) occurs with sizes of 0.5-1 mm and rarely above
(up to 2 mm). According to the index of refraction, albite to
oligoclase forms the partially-altered core regions, whereas
the rim is composed of albite. Ferromagnesian minerals, such
as chlorite and greenish epidote (Fig. 2¢) occur in subordinate
quantities. Any evidence of K-feldspar grains is lacking.
Granophyric intergrowth between quartz and albite was
observed (Fig. 2d). Epidote (ca. 1 vol. %, 100-200 pm in size)
forms euhedral to subhedral grains (Fig. 2c—g). White mica
(ca. 5-12 vol.%) occurs as single flakes with sizes up to
150 pm (Fig. 2g, Wmcl) as well as in phyllosilicate-rich
aggregates inside plagioclase with individual flakes up to
50 pum in size (Fig. 2d,e,g, Wmc2). The larger single flakes
are non-oriented and homogeneously-distributed in the rock
volume and show sharp contacts with albite and chlorite
(Fig. 2g). The phyllosilicate-rich aggregates are accompa-
nied by small (100200 pum) clinozoisite grains. Epidote
and clinozoisite can be distinguished by vivid (epidote) and
blue anomalous (clinozoisite) interference colours. All sam-
ples taken from the albite granite show these features.
Chlorite in randomly-oriented aggregates (ca. 10—15 vol. %,
~200 um in size, Fig. 2h) is characterised by weak pleo-
chroism of greenish colours. Some of the small, chlorite leaves
inside these aggregates show brown, as well as occasional,
blue anomalous interference colours. Chlorite aggregates
are often accompanied by opaque minerals. Calcite (ca.
5 vol. %) is an interstitial mineral that seems to be of secon-
dary nature. Accessory phases are zircon, apatite, and
opaque minerals (ilmenite, Fe-oxide?, pyrite, altogether
around 1 vol. %).

Whole-rock geochemistry of the selected sample

The whole-rock analysis of major and trace elements is
given in Table 1. The albite granite of Mt. Medvednica
shows a moderate SiO, (62.5 wt.%) content and high Al,O,
(16.7 wt. %) and Na,O (5.5 wt. %) contents. The dry (without
LOI) bulk rock normalised to 100 % classifies the investigated
rock as an acidic one with a generally metaluminous character
(A/CNK=0.9, A/NK=1.6). The moderate K,O value (1.1 wt. %)
divided by the high Na,O value results in K,0/Na,0=0.2.
Further characteristic values are 0.61 for the mafic index
MI=FeO, /(FeO,,+MgO) and 53 for the magnesium number
Mg#=mol [Mg/(Mg+Fe*")]. The relatively low contents of Fe,
given as Fe,0, (3.1 wt.%), MgO (1.8 wt.%), Cr (144 ppm)
and Ni (16 ppm) are accompanied by a moderate content of
CaO (4.5 wt. %), which is, however, partially due to the pre-
sence of (secondary) calcite. Such a chemical composition is
typical for calc-alkaline and magnesian rocks. The high LOI

GEOLOGICA CARPATHICA, 2022, 73, 5, 411-433
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Fig. 2. Photomicrographs under plane-polarised (a, h) and cross-polarised transmitted light (b—g) of typical microfabrics of the Mt. Medvednica
granite. a, b — Textural relationships of minerals in the studied granite showing predominance of boxy-shaped plagioclase (albite) grains with
tiny inclusions of subhedral epidote. ¢ — Subhedral to euhedral magmatic epidote in the quartz-feldspar matrix with minor corroded embay-
ments. d — Subhedral magmatic epidote (upper right) and secondary minerals (mica and epidote) inside feldspar; magmatic epidote is embed-
ded as single euhedral crystals in the quartz-feldspar matrix, which shows graphic intergrowths. e, f — Subhedral to euhedral magmatic epidote
showing more intense dissolution by the host granitic magma in contact with feldspar. g — Epidote, primary (Wmcl, phengite) and secondary
(Wmc2) white mica. h — Chlorite aggregate with opaque minerals as a replacement of biotite. Chl — chlorite; Ep — epidote; Pl — plagioclase
(albite); Wmc — white mica (Wmcl — phengite, Wmc2 — secondary mica); Qtz — quartz.

GEOLOGICA CARPATHICA, 2022, 73, 5, 411-433
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(3.9 wt. %) reflects the CO, content in calcite and H,O con-
tents in white mica, chlorite, and epidote.

The primitive mantle normalisation diagram (Fig. 3a)
according to Sun & McDonough (1989) shows an enrichment
of incompatible elements 10-60 times higher compared to the
primitive mantle, with pronounced positive anomalies of K,
Pb, and Zr. The relatively-pronounced negative anomalies of
Rb, Nb, P, and Ti are also present. The chondrite-normalised
data of rare-earth elements (REE) according to Boynton
(1984) (Fig.3b) reveal a slight enrichment (10-30 times
higher compared to the reference chondrite) of light REE
relative to heavy REE with characteristic ratios (La/Yb)=2.6,
(La/Sm),=2.0, and (Gd/Yb),=1.2. Eu displays a weak nega-
tive anomaly (Eu/Eu*=0.83), while no Ce anomaly occurs.
The sum of REE is 71 ppm.

Mineral chemistry

The chemical analyses of the minerals are given in Table 2.
Epidote, white mica, plagioclase, and chlorite show composi-
tions within a narrow range. The EMP analyses of epidote
yield ps=100-Fe**/(Fe**+Al) values between 26 and 32 and

Table 1: Result of the whole-rock analysis: major (wt.%) and trace
(ppm) elements with characteristic element ratios and zircon satu-
ration temperature (ZST) from Watson & Harrison (1983). LOI=loss
on ignition; MI (mafic index)=FeO,/(FeO,+MgO); Mg#=mol
[Mg/(Mg+Fe*)]; A/ICNK=AL,0,/(CaO+Na,0+K,0) in mol %; A/NK=
Al,0,/(Na,0+K,0); M (cation ratio)=(Na+K+2Ca)/Al-Si.

Major elements Trace elements Trace elements — REE
(wt. %) (ppm) (ppm)
SiO, 62.48 As 2 La 10.9
AlLO, 16.66 Ba 363 Ce 23.4
Fe,0, 3.13 Be 2 Pr 3.11
MgO 1.78 Co 5.8 Nd 12.8
CaO 4.46 Cr 144 Sm 35
Na,O 5.49 Cs 1.3 Eu 1.04
K,0 1.13 Cu 24 Gd 4.17
TiO, 0.60 Ga 17 Tb 0.69
P,05 0.15 Hf 5.5 Dy 4.25
MnO 0.04 Hg 0.07 Ho 0.9
LOI 3.90 Nb 7.2 Er 2.6
SUM 99.84 Ni 19 Tm 0.4
Ml 0.61 Pb 32 Yb 2.83
Mgt 53 Rb 16.3 Lu 0.38
A/CNK 0.9 Sb 0.1 Sum REE 71
A/NK 1.6 Sc 9 Eu/Eu* 0.83
ASI 0.92 Sn 2 Ce/Ce* 0.97
K,O0/Na,O 0.2 Sr 226.7 (La/Yb)y 2.6
ZST (°C) 775 Ta 0.6 (La/Sm) 2.0
M 1.85 Th 4.9 (Gd/Yb)y 1.2
U 0.9
CaO (calcite) 3.11 A% 57
CO, 2.44 W 0.3
H20" 1.46 Y 24.5
Zn 28
Zr 206
Zr/Hf 37
Sr/Y 9.25
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TiO, contents <0.05 wt. %, i.e., values characteristic for mag-
matic epidote (Liou 1973). Epidote cores were identified in
polished thin sections using BSE images and EDS spectra
to be richer in REE than the rims. Large single flakes of
white mica (Wmcl in Fig. 2) are phengite, characterised by
Si=6.66—6.99 atoms per formula unit (apfu) and Mg=0.68—
0.80 apfu with X =Fe/(Fe+Mg)=0.18-0.22. Analyses of feld-
spar outer rims demonstrate that this mineral is almost pure
albite (X,,=0.99) with a slightly more calcic inner region
(up to albite-oligoclase). Chlorite has X, ,=0.29. The analysed
high Si contents (3.2-3.3 apfu) and the octahedral occupancies
that are significantly lower than 6 (5.48-5.61 apfu) point to
mixing of chlorite with other phyllosilicates on the submicro-
scopic scale.

Zircon
Typology
A population of 58 zircon grains was analysed for external

morphology. Grains are 60-110 pum long and 25-40 pm
wide. The median aspect ratio is 2.6:1. The external zircon
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Fig. 3. Primitive mantle-normalised element diagram (a) and chon-
drite-normalised pattern of REE (b) for separated zircon grains using
normalising factors according to Sun & McDonough (1989) and
Boynton (1984), respectively. The part of the whole-rock sample,
from which zircon grains were separated, is marked by a bold line.
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EVOLUTION OF EPIDOTE-BEARING ALBITE GRANITE FROM MT. MEDVEDNICA (CROATIA)

Fig. 4. Typical external morphologies of zircon from the studied granite.

the Ti-in-zircon temperature yielded a range of 726-813 °C
(mean 785 °C; Table 3).

The calculated pseudo-section (Fig. 6) and related modes of
mineral phases (Fig. 7, Supplementary Fig. S1) for the P-T
range 0.2-1.8 GPa and 600-900 °C with 3 wt.% of H,O
shows the following fields for relevant minerals: (1) Plagio-
clase appears within the whole calculated P-T range except at
lower temperatures (600—-660 °C) and corresponding pres-
sures above 1.6 GPa (Fig. 7a,b). (2) Although jadeite +quartz
is stable on the high-P and low-T range as experimentally
demonstrated (e.g., Johannes 1978), pure albite appeared in
this range where plagioclase with a higher anorthite content
does not occur in the selected P-T range (Fig. 7b). Dashed
lines in Fig. 7a,b represent the position of plagioclase (albite)
in/out in the CaO non-reduced bulk-rock composition (see
chapter Analytical methods: Geothermobarometry), which is
shifted toward significantly lower pressures. The modal con-
tent of plagioclase increases with decreasing temperature at
low pressures. (3) Quartz occupies the whole calculated P-T
range with the exception of temperatures higher than 720 °C at
low pressures (Fig. 7¢). Its modal content increases to a maxi-
mum value of 32 vol.% with decreasing temperature and
increasing pressure. (4) Epidote (Fig. 7d) appears at P-T

419

conditions above 1.4 GPa and 600-660 °C. However, the P-T
field of epidote for the CaO non-reduced bulk-rock composi-
tion starts at significant lower pressures — for example, from
0.7 GPa at 600 °C (dashed line in Fig. 7d). (5) The position of
the solidus calculated with 3.0 wt. % H,O starts at ca. 700 °C
at 0.2 GPa and reaches 1.8 GPa at ca. 620 °C (Fig. 7e).
(6) White mica is stable at temperatures of 600-770 °C and
pressures above ca. 0.55 GPa (Fig. 7).

The calculated mineral phases that are not found in the rock
(garnet, amphibole, biotite: Supplementary Fig. Sla—c) repre-
sent potential precursors of the late alteration products found
in the rock (mainly chlorite). Garnet is stable at P-T condi-
tions above 660 °C and 1.3 GPa and 900 °C and 0.5 GPa.
Amphibole is a major hydrous phase and is stable over a wide
range of temperatures up to the maximum calculated pressures
with the exception of the highest P-T values considered.
Its modal content increases with pressure to a maximum of
18 vol. %. Biotite covers the P-T field below 1.6 GPa and
760 °C. The P-T pseudo-section reveals that chlorite is
a subsolidus phase, stable at 0.5-0.7 GPa somewhat above
600 °C (Supplementary Fig. S1d). The upper pressure limit of
ilmenite is 1.4 GPa at the maximum calculated temperature

(Fig. 6).
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Table 3: Chemistry of zircon from the studied granite determined by LA-ICP-MS with characteristic element ratios and detection limits (d.1.).
Elemental mass concentrations and detection limits are given in ppm. The Si elemental concentration is set as a reference value (151400 ppm).

Ti-in-zircon temperature is calculated for the selected grains according to Watson et al. 2006. b.d.l. — below detection limit.

Element Grain Grain Grain Grain Grain Grain Grain Grain Grain Grain Grain Grain

la 2a 3a 4a Sa 6a 7a 8a 9a 10a 11a 12a
Ba 9.3 11 38 8.6 15 18 30 10 35 b.d.l. 5.7 21
Ca 3257 b.d.L 9430 10431 5823 1037 3562 1032 2832 b.d.l. 1477 3438
Co 1.3 0.8 1.3 0.8 0.9 1.1 2.4 0.8 2.5 b.d.l. b.d.L 2.2
Cr b.d.l. b.d.l. b.d.l. 4.6 4.5 b.d.l. 4.9 4.0 7.3 b.d.l. b.d.l. 6.3
Fe 5775 3688 5078 2240 4620 3452 9503 3882 7208 178 1223 5300
Ga 1.7 3.5 4.4 3.0 4.0 5.1 5.4 2.2 5.6 b.d.l 2.1 3.5
Hf 12532 12076 10923 13953 13635 13433 11067 10773 11081 5985 9923 10473
Mn 58 43 142 70 129 136 218 134 186 33 26 169
Nb 38 56 63 73 44 79 100 48 101 34 79 75
Ni b.d.L 42 7.3 b.d.L 7.6 b.d.L b.d.L 6.9 5.1 b.d.l. b.d.L 33
P 3010 1802 6020 7904 4839 2372 3368 2011 2833 601 1920 1948
Pb 122 106 103 145 103 161 184 99 184 5.7 153 116
Si 151400 151400 151400 151400 151400 151400 151400 151400 151400 151400 151400 151400
Sn 1.1 2.1 39 2.5 2.6 0.8 3.5 1.5 43 b.d.l 1.1 2.3
Sr 7.9 13 19 13 13 13 31 5.7 32 0.9 4.4 17
Ta 22 20 22 36 18 27 34 24 31 6.1 34 28
Th 4821 4872 4648 6628 5459 7315 8505 4264 8989 233 6700 5196
Ti 30 47 98 30 151 45 1551 36 965 18 783 7563
U 1018 1502 1109 1374 1127 1801 2424 1306 2084 440 1671 1384
\% 17 16 23 12 21 19 72 11 46 1.6 8.7 22
Y 7125 11513 9762 12423 8303 14376 18356 8841 16487 7930 12258 11872
Zn 95 35 761 66 94 41 105 130 47 b.d.l 18 49
Zr 487825 496151 389674 510618 502135 504359 494924 433050 493910 502464 496212 484004
La 2.1 14 12 6.7 5.5 6.2 13 3.8 15 0.3 2.6 13
Ce 306 726 702 752 499 828 1338 605 1100 133 772 639
Pr 4.5 14 19 14 14 16 27 8.4 27 1.1 8.6 17
Nd 47 130 153 123 112 159 239 83 237 20 96 118
Sm 64 138 170 145 118 195 284 112 258 50 147 137
Eu 7.3 14 35 22 21 30 41 14 50 15 16 28
Gd 223 455 449 573 285 549 781 348 706 266 567 471
Tb 74 141 126 165 88 171 239 104 204 87 172 138
Dy 769 1416 1158 1557 937 1711 2402 1078 2042 1007 1689 1266
Ho 249 408 323 469 297 522 756 369 602 356 520 360
Er 1099 1710 1273 1790 1337 2166 3178 1605 2494 1386 2178 1561
Tm 227 338 230 321 272 413 604 299 439 264 411 313
Yb 2143 2873 1973 2748 2329 3353 4935 2368 3515 2226 3045 2696
Lu 388 476 338 500 420 587 778 382 617 386 511 501
Sum REE 5602 8853 6961 9186 6736 10708 15614 7377 12305 6197 10134 8257
(Sv‘vlif‘(;z;“d“ 10404 10513 92.65 11026  107.13 10750 10898  96.04 10758 10298 10530  105.28
HfO, 14779 14241 12881 16454 16080 15841 13051 12705 13068 7058 11702 12351
Y,0, 9049 14621 12397 15776 10545 18257 23311 11227 20937 10071 15567 15076
Th/U 4.73 3.24 4.19 4.82 4.84 4.06 3.51 3.27 4.31 0.53 4.01 3.76
Zr/Hf 39 41 36 37 37 38 45 40 45 84 50 46
Nb/Ta 1.73 2.88 2.83 2.02 247 2.90 2.93 1.99 323 5.61 2.33 2.62
Ce/Ce* 23.96 12.48 11.19 18.69 13.69 20.01 17.19 25.77 13.16 55.72 39.29 10.35
Eu/Eu* 0.19 0.17 0.38 0.23 0.35 0.28 0.27 0.22 0.36 0.39 0.17 0.34
HrY 1.76 1.05 1.12 1.12 1.64 0.93 0.60 1.22 0.67 0.75 0.81 0.88
La/Yby 0.001 0.003 0.004 0.002 0.002 0.001 0.002 0.001 0.003 0.000 0.001 0.003
La,/Smy 0.020 0.064 0.045 0.029 0.029 0.020 0.028 0.022 0.036 0.003 0.011 0.059
Gd/Yby 0.084 0.128 0.184 0.168 0.099 0.132 0.128 0.119 0.162 0.097 0.150 0.141
Yb,/Smy 31 19 11 18 18 16 16 20 13 41 19 18
(Tolél;l-zlrcon 795
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Glr;;“ Glrj‘;“ Gl"s"‘;“ Glr;‘;“ Glr;‘;“ Glrg;“ d.l MIN MAX Mean Median | Element
6.5 13 11 9.0 1116 22 04 57 1116 81 13 Ba
1114 1054 b.d.l. b.d.l. 1631 1494 767 1032 10431 3401 2231 Ca
0.2 5.5 32 0.7 0.7 03 0.2 0.2 5.5 L5 1.0 Co
b.d.l. 8.2 8.2 b.d.l. b.d.l. b.d.l. 4 4.0 8.2 6.0 56 Cr
257 5112 6080 4823 1347 2760 27 178 9503 4029 4251 Fe
1.4 4.1 5.6 3.0 1.4 b.d.l. 0.7 1.4 5.6 35 35 Ga
8990 7525 10600 10843 7086 8188 0.05 5985 13953 10505 10808 | Hf
6.2 100 201 56 15 30 2 33 218 96 85 Mn
48 62 83 68 36 32 0.05 32 101 62 62 Nb
b.d.l. 43 6.8 33 b.d.l. b.d.l. 3 33 7.6 54 5.1 Ni
807 1204 1742 1960 671 753 209 601 7904 2543 1954 | P
82 109 160 198 66 70 0.2 5.7 198 120 112 Pb
151400 151400 151400 151400 151400 151400 472 151400 151400 151400 151400 | Si
1.4 23 2.5 1.6 1.5 13 0.7 0.8 43 2.1 2.1 Sn
2.6 8.5 9.8 9.6 42 21 0.1 0.9 0 15 13 Sr
19 21 25 28 15 16 0.01 6.1 36 24 23 Ta
3171 5167 6581 8798 2713 2747 0.02 233 8989 5378 5182 | Th
8.4 990 50 90 20 21 4 8.4 7563 694 48 Ti
1081 1317 1893 1904 800 647 0.02 440 2424 1382 1346 | U
34 25 25 34 5.0 6.0 0.4 1.6 7 20 18 %
7591 9718 14922 14306 4852 4367 0.03 4367 18356 10834 10638 | Y
6.6 54 229 51 27 8.5 4 6.6 761 107 51 Zn
480932 425110 503851 474588 450189 479441 2 389674 510618 478302 490868 | Zr
0.9 6.9 6.0 5.1 15 35 0.02 03 15 6.5 57 La
397 656 1143 819 253 173 0.04 133 1338 658 679 Ce
4.0 1 14 13 2.8 4.0 0.03 1.1 27 12 13 Pr
53 90 134 132 26 27 0.08 20 239 110 115 Nd
81 99 169 178 39 39 0.13 39 284 135 138 Sm
45 20 14 2 39 8.0 0.02 3.9 50 20 18 Eu
327 357 556 632 122 116 0.07 116 781 432 452 Gd
92 108 151 191 45 37 0.01 37 239 130 132 Tb
911 1133 1575 1944 517 405 0.06 405 2402 1306 1212 | Dy
297 351 563 603 169 135 0.01 135 756 408 364 Ho
1145 1489 2361 2411 767 625 0.02 625 3178 1699 1583 Er
219 278 449 454 165 122 0.02 122 604 323 306 Tm
1872 2229 3629 3535 1340 953 0.04 953 4935 2653 2532 | Yb
330 385 591 596 245 169 0.01 169 778 456 448 Lu
5734 7213 11354 11535 3696 2814 2814 15614 8349 7817 Sum REE
100.96 94.92 107.40  103.47 96.23 100.23 92.65 110.26 103.12 104.59 (SW”?O/‘;;“deS
10602 8874 12501 12787 8356 9655 7058 16454 12388 12746 | HfO2
9640 12341 18950 18168 6162 5546 5546 23311 13758 13509 | Y203
2.93 3.92 3.48 4.62 3.39 425 0.53 484 3.77 3.97 Th/U
53 56 48 44 64 59 36 84 48 45 Zt/HE
2.53 3.00 3.27 2.44 235 2.02 1.73 5.61 2.73 2.58 Nb/Ta
50.36 18.12 30.02 2421 29.71 11.13 10.35 55.72 23.61 1935 | Ce/Ce*
0.09 0.32 0.14 0.20 0.17 0.37 0.09 0.39 0.26 0.25 Euw/Eu*
1.18 0.77 0.71 0.76 1.46 1.87 0.60 1.87 1.07 0.99 Hf/Y
0.000 0.002 0.001 0.001 0.001 0.002 0.000 0.004 0.002 0.001 | LaN/YbN
0.007 0.044 0.022 0.018 0.024 0.057 0.003 0.064 0.030 0.026 | LaN/SmN
0.141 0.129 0.124 0.144 0.073 0.098 0.073 0.184 0.128 0.129 | GAN/YbN
22 21 20 19 32 23 1 41 21 19 YbN/SmN
Ti-in-zircon
726 806 813 726 813 785 801 &0

Based on the calculated isomodes shown in Fig. 8 and the
figures in the Supplementary Fig. S1, the modal proportions of
the minerals at P~1.0 GPa and T=650 °C, i.e., P-T conditions
at the solidus, are ~50 vol. % plagioclase, ~23 vol. % quartz,
~12 vol. % white mica, ~8 vol. % biotite, ~5 vol. % amphibole,

and ~1 vol.% of epidote and opaque minerals each. These
values are close to the observed mode when we consider that
the chlorite aggregates formed mainly from biotite and secon-
dary calcite at least partially from amphibole at subsolidus
conditions.
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Table 4: Individual elemental and isotopic concentrations and ages of zircon from the studied granite obtained from the calibrated isotopic
ratios of 2°°Pb/>¥U, 27Pb/>>U, and 2**Pb/>*?Th. The Si elemental concentration is set to the reference value of 15.14 wt.%. The elemental

concentration of Pb refers to the sum of all Pb isotopes.

The initial goal of our research was to determine the age of
albite granite from Mt. Medvednica using zircon in order to
refine the age frame of the Mesozoic processes in the study
area. In addition, the recognition of the magmatic nature of
epidote from the albite granite opens new possibilities for fur-
ther petrogenetic considerations.

Nomenclature of the studied rock

The modal composition classification (Streckeisen 1974;
corresponding graph is not shown here) defines the studied
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Grain Elemental concentrations Isotopic concentrations (ppm)
Si (wt. %) Zr (wt. %) Th (ppm) U (ppm) Pb (ppm) Th/U 204ppy 206py 207pp, 208y

1b 15.14000 49.94152 4852.5 1494.3 3354 3.25 1.82 206.7 14.8 112.1
2b 15.14000 45.26535 4027.6 1604.0 348.9 2.51 6.01 228.1 20.6 94.2
3b 15.14000 50.19822 8103.6 2304.2 500.0 3.52 7.48 303.5 25.2 163.7
4b 15.14000 49.45929 7107.7 1647.6 401.7 431 491 228.8 19.2 148.9
5b 15.14000 48.55742 6261.4 1434.9 381.3 4.36 2.63 213.9 13.6 151.1
6b 15.14000 50.14567 4100.2 1624.5 344.0 2.52 222 232.2 17.3 92.2
7b 15.14000 49.46384 7551.7 2130.3 434.1 3.54 7.59 259.3 20.9 146.3
8b 15.14000 53.91079 6436.9 1306.3 375.1 4.93 3.30 210.1 13.0 148.8
9b 15.14000 52.76371 5971.1 1539.3 408.8 3.88 3.36 239.5 17.0 149.0
10b 15.14000 50.78253 4474.1 1002.6 314.1 4.46 10.30 169.2 20.5 114.0
11b 15.14000 53.00567 3690.5 1158.5 277.0 3.19 6.32 170.6 14.5 85.5
12b 15.14000 51.72661 6065.4 1217.7 371.2 4.98 5.53 198.7 15.2 151.9
13b 15.14000 49.88532 6370.8 1912.2 432.7 3.33 8.09 265.5 20.0 139.1
14b 15.14000 51.58344 4929.4 1146.8 296.0 4.30 2.74 167.7 11.2 114.3
15b 15.14000 48.26227 4679.4 1280.8 307.8 3.65 0.51 191.0 14.8 101.4
16b 15.14000 51.91428 3537.7 825.6 235.7 4.28 2.38 140.9 9.6 82.8
17b 15.14000 51.11619 3501.6 937.8 285.1 3.73 2.63 187.7 11.5 83.2
18b 15.14000 51.59914 6822.9 1852.6 468.2 3.68 5.03 291.9 21.5 149.8
Grain Isotopic ratios Age (Ma)

06ph/A38Y 1o s 4 Vel 0] 16 28Ph/32Th 1c 206ph/A8U 1o WTph/ASY 1o 208ph/332Th 1o
1b 0.03697 0.00144 0.27136 0.01686 0.01263 0.00027 234.0 8.9 243.8 13.5 254.5 55
2b 0.03675 0.00100 0.26915 0.02419 0.01201 0.00037 232.7 6.2 242.0 19.4 241.9 7.5
3b 0.03422 0.00138 0.24533 0.01723 0.01084 0.00037 216.9 8.6 222.8 14.1 218.6 7.5
4b 0.03720 0.00104 0.26345 0.02233 0.01146 0.00019 235.5 6.5 237.4 17.9 230.9 3.8
Sb 0.04069 0.00199 0.28355 0.01657 0.01353 0.00039 257.1 12.3 253.5 13.1 272.5 7.7
6b 0.03717 0.00146 0.27027 0.01993 0.01218 0.00015 235.3 9.1 242.9 15.9 245.4 3.0
7b 0.03285 0.00189 0.21720 0.01893 0.01051 0.00038 208.3 11.8 199.6 15.8 211.9 7.6
8b 0.04165 0.00163 0.30416 0.01062 0.01296 0.00024 263.1 10.1 269.6 8.3 261.0 4.8
9b 0.04217 0.00177 0.29206 0.01836 0.01355 0.00020 266.3 10.9 260.2 14.4 272.9 4.0
10b 0.04010 0.00174 0.29389 0.07094 0.01293 0.00040 253.5 10.8 261.6 55.7 260.5 8.1
11b 0.03717 0.00151 0.28083 0.02242 0.01180 0.00060 235.3 9.4 251.3 17.8 237.8 12.0
12b 0.04062 0.00219 0.30942 0.03309 0.01372 0.00024 256.7 13.6 273.7 25.7 276.2 4.7
13b 0.03674 0.00245 0.26643 0.02167 0.01197 0.00027 232.6 15.2 239.8 17.4 241.3 5.5
14b 0.04015 0.00234 0.27879 0.02283 0.01275 0.00018 253.8 14.5 249.7 18.1 256.8 3.7
15b 0.03747 0.00129 0.27695 0.07740 0.01230 0.00050 237.1 8.0 248.2 61.6 247.9 10.0
16b 0.04268 0.00234 0.29448 0.02286 0.01299 0.00015 269.5 14.5 262.1 17.9 261.5 3.0
17b 0.04111 0.00224 0.29280 0.02728 0.01283 0.00022 259.7 13.9 260.8 21.4 258.4 44
18b 0.04162 0.00209 0.29195 0.02501 0.01172 0.00030 262.9 12.9 260.1 19.7 236.3 6.0
Weighted average (Ma) 240.6 249.8 252.6
Error 26 (Ma) 4.6 7.6 22
MSWD 2.4 1.3 9.8

Discussion rock as an alkali feldspar (albite) granite. From a modal point

of view, the albite granite plots in the alkaline granite field
of this classification, which, taking into consideration texture
and field characteristics, provides a few additional terms for
naming the rock. The term “alkali feldspar granite” is only
partially appropriate for a complete description of the rock,
considering that albite with compositions up to An, should be
added to the alkali feldspar mode. The term “aplite” is descrip-
tively correct, but usually refers to the late crystallisation
within a magmatic system. The term “oceanic plagiogranite”
(Coleman & Peterman 1975) encompasses a wide spectrum of
rocks associated with ophiolites. It is used for medium- to
fine-grained rocks consisting predominantly of quartz and
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Fig. 5. U-Pb concordia diagram for zircon from the studied granite.
Error ellipses relate to 16. Weighted average ages, 26, and MSWD
values are given in Table 4.

zoned plagioclase (An,, () with less than 10% of ferromag-
nesian minerals (primary hornblende or pyroxene) that are
characterised by granophyric intergrowth between quartz
and plagioclase. This approximates our observations, even
matching the chemistry of our sample (K, Rb, Na); however,
the observed plagioclase is incompatible with the required
one.

The granite from Mt. Medvednica, according to its mineral
content, can be best classified as a leucocratic alkali feldspar
(albite) granite. Among the mentioned possibilities, we prefer
the historic term ‘albite granite’ for the studied rock, since it
fulfils our observed features. This term has often been used to
describe leucocratic rocks crystallising in late-orogenic to
anorogenic granite complexes (Barboni & Bussy 2013).

Whole-rock geochemical characteristics

The whole-rock chemical composition should be primarily
treated as a (fixed) chemical system for the thermodynamic
modelling. Although one sample may not have the statistical
significance needed for a detailed geochemical evaluation,
the geochemical characteristics of the selected rock are nota-
ble enough for obtaining a general image of the geotectonic
setting and description of the processes involved.

The chemical composition of XGO2 is governed by rela-
tively moderate SiO,, as well as high Al,O, and Na,O con-
tents. The minor and trace elements correspond well with
the granite signature characterised by the high contents of high
field-strength (Y, Nb, Zr, Ga, Ta, U and Th) and large ion
lithophile elements. The positive anomalies with respect to
the primitive mantle according to Sun & McDonough (1989),
which are visible for K, Pb, and Zr, as well as the negative
anomalies for Rb, Nb, P and Ti (Fig. 3), imply the contribution
of material from the continental crust to the melt that crystal-
lised to albite granite.
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The chondrite-normalised pattern of REE does not show
the tetrad-effect (McLennan 1994), but exhibits a CHArge
and RAdius Controlled (CHARAC) distribution, implying the
absence of a significant amount of H,O dissolved in the melt.
The melt can be considered originally relatively dry, however,
due to the presence of water-bearing magmatic minerals
(amphibole(?), mica, epidote), it must have been enriched
with H,O in the required amount at some early point of the
magmatic evolution.

Some authors attribute the occasional Na-rich character
of A-type granites to post-magmatic metasomatic processes
either by a pervasive infiltration of a fluid with a high Na/
(Na+K) ratio or by a late exsolution of the magmatic fluid
(e.g., Cerny 1991; Kaur et al. 2006, 2012; Barboni & Bussy
2013 and references therein). The mineral chemistry and
elemental geochemistry support the sheer magmatic origin of
the albite granite from Mt. Medvednica, when taking into con-
sideration the rationale of Barboni & Bussy (2013) as follows:
(1) Textures of the albite granite, as well as the composition
of minerals (epidote, zircon), are consistent with a magmatic
origin. (2) Albite occurs as euhedral crystals (Fig. 2a,b) that
grew in a cooling magma, whereas post-magmatic processes
would form anhedral and/or interstitial grains. (3) Zircon
usually shows traces of dissolution in contact with Na-rich
hydrous fluids (spongy textures with mosaic zoning and per-
vasive recrystallisation, Rubatto et al. 2008), which was not
observed in the studied albite granite. (4) Metasomatic pro-
cesses affecting granites usually produce typical minerals,
such as topaz or lepidolite. However, none of these minerals
occur in the albite granite. (5) According to Wedepohl (1978),
Nb is highly enriched during metasomatic albitisation. Such
enrichment is not recorded by the albite granite (Nb=7.2 ppm;
Table 1). (6) Post-magmatic metasomatism leads to a drastic
increase in the contents of Rb, Ga, Li, and U (due to the recrys-
tallisation of mica), while the contents of Eu, Sr, Ba (due to
albitisation), and light REE (leaching of accessory phases)
decrease. However, the albite granite displays relatively low
contents of Rb (16.3 ppm), Ga (17.1 ppm), U (0.9 ppm), Eu
(1.04 ppm), Sr (226 ppm, which could be ascribed to the
secondary calcite too), Ba (362 ppm), and light REE (53 ppm).

Constraints from mineralogy
Zircon

Zircon grains are included in plagioclase and occasionally
comprise their own inclusions. According to the zircon analy-
ses (Table 3), these inclusions can be tentatively ascribed to
a (Fe)-Ti-phase (?) and apatite. The morphology of zircon in
the studied sample is typical for its crystallisation in a magma
derived from melting in the lower crust (and upper mantle) at
constant temperature (Pupin 1980; Pupin & Turco 1972).
The positive Ce and negative Eu anomalies of the zircon chon-
drite-normalised patterns of REE provide evidence for the
potential oxidation of the magma, corroborated by the high
contents of REE, characteristic elemental ratios (see Fig. 3b),
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Fig. 6. P-T pseudo-section for the albite granite from Mt. Medvednica calculated with the PERPLE X software in the Na—Ca—K-Fe-Mg—Al-
Si-Ti-H-O system using a slightly modified whole-rock composition (in wt.%): Na,0=5.779, CaO=1.213, K,0=1.190, Fe0=2.966,
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from Whitney & Evans (2010).
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Fig. 7. Outlined P-T occurrences and modal contents (isomodes in vol. %) of the following mineral phases: a — plagioclase, b — An content
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and the occurrence of magmatic epidote. The geochemical
trends shown in Fig. 3a,b point to unaltered zircon crystallised
from a magma (Belousova et al. 2002) formed by melting of
crustal material (Hoskin & Ireland 2000). On the contrary,
the zircon Zr/Hf ratio (48 compared to 37 in the whole-rock)
indicates a mantle-derived dry (unsaturated) melt (Erdmann et
al. 2013; Breiter & Skoda 2017). Such a dry magma likely
incorporated a certain amount of H,O at some point of the
early magmatic evolution in order to enable the crystallisation
of epidote and other H,O-bearing minerals. The Th/U ratio
(mean 3.77), being larger than 0.5, is also typical for igneous
zircon (Hoskin & Schaltegger 2003; Kirkland et al. 2015).
According to its chemical composition, zircon represents an
early-stage mineral corroborated by its inclusion in plagio-
clase, another early-stage mineral.

The early-stage zircon, characterised by colourless and
highly transparent crystals, usually forms in a deep magma
chamber at a relatively high and constant temperature (Wang
et al. 2010; Kirkland et al. 2015), which is compatible with the
observed morphology of zircon grains (Pupin 1980). This is
further corroborated by relatively low Hf concentrations in
the studied zircon (HfO,=0.71-1.65 wt. %, mean 1.24 wt. %),
compared to values around 1.85 wt. % HfO,, which are charac-
teristic for late-stage zircon in general (Wang et al. 2010).

BALEN, SCHNEIDER, OPITZ and MASSONNE

The zircon saturation temperature provides information of
the minimum temperature of a granitic melt lacking inherited
zircon (Miller et al. 2003). The calibration according to Watson
& Harrison (1983) gives a temperature of 775 °C, similar to
the Ti-in-zircon temperature (mean 785 °C) after Watson et al.
(2006). Such elevated temperatures are considered characte-
ristic of zircon crystallisation from magma with a source in
the lower crust.

Epidote

Textural criteria (Schmidt & Poli 2004) were used to distin-
guish magmatic epidote from secondary epidote, as well as
clinozoisite that are also present in the rock. The following
petrographic features indicate epidote as magmatic mineral:
(1) epidote formed after a Fe-Mg phase (hornblende?), but
before or contemporaneously with biotite; (2) the correspon-
ding texture resembles a typically magmatic (ophitic) one
(Fig. 2a,b); (3) euhedral to subhedral epidote crystals show
prismatic or hexagonal shapes (Fig. 2¢c,e—g); (4) a mineralo-
gical association with a (primary) amphibole was reported by
Majer & Majer (1974) from the locality where XGO2 was
taken; (5) epidote grains contain allanite-rich cores; (6) epidote
is embedded as single euhedral crystals in the quartz—feldspar

matrix, which shows graphic intergrowths
(Fig. 2d); and (7) embayed contacts of epidote

Ti-in-zircon T

P(GPa)

T with the quartzofeldspathic matrix were
4 found (Fig. 2¢,e—g). Both primary magmatic
epidote and secondary clinozoisite occur
together.

. In the first report on this granite, Majer &
Majer (1974) claimed that epidote is exclusi-
vely of secondary nature. Although the unequi-
vocal identification of magmatic epidote is
— difficult, especially due to alteration proces-
ses and the inability to obtain fresh samples,
further compositional criteria (ps=25-35, TiO,
| upto0.14 wt. %; Liou 1973; Zen & Hammar-
-4 strom 1984; Keane & Morrison 1997; Schmidt
& Poli 2004; Sial et al. 2008) point to mag-
matic epidote, which excludes a shallow
7 crystallisation level for granodioritic to tona-
-] litic magmas (e.g., Schmidt & Poli 2004).
This type of epidote is relatively abundant
(~1 vol. %) for the minor components in the
= studied rock. Subordinately, epidote also occurs
as a post-magmatic phase, forming irregular
grains that are preferentially associated with

780
T(°C)

Fig. 8. Intersections of relevant isomodes for observed minerals offer the possibility of
final crystallisation at about P=1.0 GPa, T=650 °C. P-T positions of fields for specific
minerals and melt are constructed with 3 wt. % H,O as in Fig. 6. Temperatures estimated
on the basis of zircon saturation (ZST) according to Watson & Harrison (1983) and

Ti-in-zircon from Watson et al. (2006) are marked.
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the altered plagioclase (Fig. 2d,e).

Epidote is stable above the wet granite
solidus in the pressure range 0.5-3.0 GPa
(Schmidt & Poli 2004). A relatively narrow
temperature interval of epidote + melt occurs.
Zen & Hammarstrom (1984) suggested that
epidote indicates a minimum intrusive pres-
sure of ~0.5-0.6 GPa or forms at pressures of

900
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0.3—-0.7 GPa at suitable bulk composition and oxygen fugacity.
Nevertheless, the minimum pressure for epidote crystallisa-
tion may vary (Schmidt & Poli 2004). Based on the intersec-
tion of the solidus curve with that of epidote, Liou (1973) and
Crawford & Hollister (1982) proposed that in H,O-saturated
granitic melts, epidote requires a minimum crystallisation
pressure of ~0.6 GPa. In granodioritic and tonalitic magmas,
epidote is stable at pressures between 0.8 and 1.0 GPa at
temperatures near the solidus curve (Liou 1973; Schmidt &
Thompson 1996).

The crystallisation sequence of minerals (amphibole — epi-
dote — plagioclase — biotite — quartz) is sensitive to pres-
sure conditions (Schmidt & Poli 2004) and implies pressures
above 1.0 GPa. The observed sequence and the P-T fields of
epidote and plagioclase in the calculated pseudo-section
(Fig. 7d, see also the dashed lines that represent these fields
for the bulk rock without CaO reduction) show that epidote
crystallisation fits the aforementioned pressure around 1.0 GPa.
The P-T pseudo-section calculations for bulk-rock composi-
tions with less H,O down to 0.5 wt. %, which are more typical
in the deeper crust, verify the position of the solidus, as well as
epidote- and white mica (phengite)-in curves at high pres-
sures. However, on the basis of the CO, determination of the
bulk rock, a weaker reduction of CaO than reported in section
“Analytical methods: Geothermobarometry”, which is assu-
med to be bound to secondary calcite, would shift the lower
pressure boundary of epidote and plagioclase to lower pres-
sures. For example, a maximum CaO content of 4.46 wt. % in
the original dry magma would lead to a reduction of the lower
pressure limit of epidote to 0.7 GPa at a temperature of 600 °C
(1.1 GPa at 660 °C). A similar effect can be predicted for epi-
dote containing allanite component. Nevertheless, primary
epidote challenges a shallow intrusion, which is a possible
scenario for the Mt. Medvednica granite because of the sur-
rounding low-grade rocks. Thus, epidote grains should have
been protected by any means to prevent their reaction with
melt and dissolution. Sial et al. (2008) suggested that fast
upward magma transport increases the chance of epidote sur-
vival. Therefore, partially-corroded (embayed) epidote from
the studied granite suggests a rapid magma ascent to preserve
this mineral. This could be the case for many epidote-bearing
granites worldwide (e.g., da Silva et al. 2020). The occurrence
of zoned plagioclase and a quartz-feldspar matrix with graphic
intergrowths (Fig. 2) are also in favour of a fast magma ascent.
Since the present geological surrounding of the albite granite
is made of clastic sedimentary rocks, a final tectonic emplace-
ment from the intrusion level must also be taken into account.

White mica

Textural criteria point to two generations of white mica
(Wmcl and Wmc2, see above). If the larger crystals are con-
sidered to be a primary magmatic mineral, P-T conditions in
the low-T and high-P part of the calculated pseudo-section
would result (Figs. 6, 7f). The Si contents in potassic white
mica, which usually crystallise late in a granitic melt, can, for

427

example, be used to determine the intrusion level of this melt
(Massonne et al. 2010). Following the graph published in the
work of Massonne & Szpurka (1997, their figure 7), the Si
content of 6.7 apfu and a solidus temperature of 650 °C indi-
cate a pressure of 1.1 GPa. However, in the absence of
K-feldspar, this pressure could also be somewhat lower (see
the discussion in Liu & Massonne 2022). The P-T conditions
0of 650 °C and 1.1 GPa or somewhat lower are compatible with
the crystallisation of epidote at high pressure (see the discus-
sion in the previous section), which challenges a shallow
intrusion level again. One alternative is the secondary forma-
tion of phengite. After complete crystallisation of the melt,
an isobaric cooling to the temperatures of the surrounding
metasediments can be expected. The potassic white mica
forming at such subsolidus conditions becomes increasingly
richer in Si with falling temperatures. For instance, phengite
with 6.7 Si apfu could point to a pressure of 0.4 GPa (ca.
15 km of Earth’s depth) only at temperatures of 400 °C
lacking the K-feldspar provided.

Chlorite

Chlorite found in the studied rock cannot be a primary
magmatic phase by its textural and assemblage characteristics.
The leafy aggregates dominated by chlorite and containing
minor opaque minerals (ilmenite, Fig. 2h) imply a transforma-
tion reaction of biotite to chlorite. The Ti previously in biotite
is accommodated in ilmenite.

Amphibole

In our thin sections, we did not find amphibole that occurs
in the P-T pseudo-section (Fig. 6, Supplementary Fig. S1b),
and it reaches about 5 vol.% at the P-T conditions derived
from primary phengite, although amphibole was reported by
Majer & Majer (1974). We offer three explanations for the
lacking amphibole: (1) it was decomposed to another mineral
(such as chlorite), (2) the pseudo-section calculation led to
amphibole as the phase that accommodates Ca, which is, how-
ever, in secondary calcite (overestimation of Ca in the bulk-
rock composition of Table 1, see above) and (3) the used
solid-solution model of amphibole is not appropriate (see
the discussion in Massonne & Li 2022).

Regional geodynamic context

After termination of the subduction of the Palaeotethys
Ocean below the European margin of Laurasia, the area of
today’s External Dinarides was positioned at the western rim
of this ocean (Pamic et al. 2002; Schmid et al. 2008, 2020).
A relatively calm period followed until the Middle Triassic,
characterised by intensive tectonic movements related to the
initial rifting and opening of the western branch of the Tethys
Ocean (Neotethys). Such a rift-related geotectonic framework
was accompanied by intense magmatic activity leading to
thinned continental crust (Fig. 9).
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Fig. 9. Plausible geodynamic scenario for the investigated area at the turn of the Palaeozoic to the Mesozoic. a — Late Palaeozoic closure of
the Palaeotethys with northward movement of Pangaea toward Eurasia. b — Lower Triassic rift initiation at the marginal parts of Pangaea.
The boxed area is enlarged in (c) and (d). ¢ — Formation of a “wide rift” in the Middle Triassic and maximum of magmatic activity during
the Anisian—Ladinian; beginning of the Neotethys formation. d — Late Triassic: further oceanisation and widening of the Neotethys Ocean.

The first significant magmatic activity in the western
Neotethys, calc-alkaline volcanism, occurred at the beginning
of the Middle Triassic with a peak at the Anisian—Ladinian
boundary in the Dinarides (e.g., Pami¢ 1984; Smirci¢ et al.
2018, 2020). Accompanied continental extension usually
results in one of two types of rifting, leading to a “narrow” or
“wide” rift (Buck 1991, 2015; Brun 1999; Brun et al. 2018).
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In wide rifts, continental thinning occurs over an area much
wider than the thickness of the lithosphere (Buck 1991),
whereas narrow rifts are no wider than the thickness of the
continental lithosphere.

The occurrence of albite granite in the Mt. Medvednica area
supports the “wide-rift” model (Buck 1991; Deng et al. 2020),
which can lead to the surface exposure of acidic plutons and
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their surrounding crustal rocks (Wernicke 1992). Moreover,
the “wide rift” is recognised as a consequence of extension
and thinning of the continental lithosphere (Buck 1991).
Further fragmentation and disintegration of the continental
crust in the Middle Triassic resulted in subsiding blocks dis-
cernable by various deep- and shallow-marine environments
and the exposition of some of the blocks to weathering above
sea level (e.g., Smircic¢ et al. 2018, 2020). Consequently, these
events led to the onset of ‘oceanisation’; i.e., extension of
the Neotethys Ocean.

The Middle to Late Triassic magmatism has long been
known to be widespread in the central part of the Southern
Alps, as well as in the Dinaridic—Hellenic belt (e.g., Pami¢
1984; Obenholzner 1991; Jelaska et al. 2003; Pami¢ & Balen
2005) and has been reported from the Western Carpathians
as well (e.g., Puti$ et al. 2000). However, the details of the
igneous processes and the connection to the mid-Triassic geo-
dynamic evolution in the areas of the Southern Alps, Dina-
rides—Hellenides, and Carpathians are still strongly debated
(for a summary of different opinions regarding them, see
Slovenec et al. 2020). The duration of igneous processes,
the exact time scale, the boundaries between the different
products of magmatic activity, as well as a unified geodynamic
evolution have not been well-constrained yet, mainly due to
irregularly-distributed occurrences, a lack of high-precision
isotopic age determinations, different scientific approaches,
and a rather complicated geological situation during the Alpine
orogeny.

The magmatic activity in the Middle Triassic with explosive
acid volcanism in the wider Alpine—Dinaridic—Carpathian
realm is characterised by volcanic ash layers. These layers
are intercalated with Middle Triassic sediments called pietra
verde (von Richthofen 1860). The main purpose of studying
these volcanic ash layers was to correlate the obtained ages
with the biostratigraphy. These ages are mostly centred bet-
ween 241 and 238 Ma (Neubauer et al. 2014; Dunkl et al.
2019) and thus compatible with the determined U-Pb zircon
age here (243 Ma). However, in addition to pietra verde,
the South Alpine—Dinaridic—Carpathian igneous activity in
the Middle Triassic produced highly variable intrusive-volca-
nic assemblages.

In the area of the westernmost Tethys in the Southern Alps
(northern Italy), the Middle to early Late Triassic (~243-235 Ma)
is characterised by a diffuse igneous activity comprising vol-
canoclastic deposits, basaltic lava flows, and intrusive com-
plexes. Contemporaneous igneous products can be traced
eastwards to Austria and the Dinarides for a total length of
~450 km (Lustrino et al. 2019). A comprehensive high-preci-
sion U-Pb zircon geochronology dataset for the major intru-
sive complexes and several volcanic ash layers for the Middle
Triassic magmatism in the Southern Alps was presented by
Storck et al. (2019). Magmatic activity in the Southern Alps
started with silicic eruptions between 242.65+0.04 and
238.65+0.04 Ma and were followed by mafic to intermediate
intrusions (238.19£0.06 to 238.08+0.09 Ma). The youngest
products in the Southern Alps are silicic tuffs from late
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Ladinian to early Carnian sequences (237.68+0.05 to
237.58+£0.04 Ma). Thus, a short duration (5.1+0.1 million
years, Storck et al. 2019) of Middle Triassic magmatism in
the Southern Alps occurred.

The U-Pb ages indicate a nearly contemporaneous begin-
ning of volcanic activity within the Transdanubian Range
toward the Western Carpathians. The volcanoclastic forma-
tions in the Transdanubian Range record two major periods of
volcanic activity according to zircon dated at 238.2+0.9 Ma
and 229.4+1.1 Ma (Dunkl et al. 2019). The Triassic volcanic
sources in the Western Carpathians yielded zircon ages of
(1) 238.6+£1.4 Ma for the crystallization of A-type granite
(Putis et al. 2000) and (2) 221.2+1.6 Ma, which demonstrates
the upper limit of the Carnian stage in the Alpine—Carpathian
realm (Kohut et al. 2018) marking a significant lithological
and climate change known as the “Carnian Crisis”.

De Min et al. (2020) summarised in detail the onset of the
Triassic magmatism in southern Europe. This magmatism was
triggered by the extensional and trans-tensional tectonics
related to the large-scale rifting system, which initiated the
opening of oceanic domains and the break-up of the continen-
tal crust (Pangaea). According to such a scenario, magmatism
took place as a consequence of mantle upwelling due to the
heat accumulated beneath the continental crust. Storck et al.
(2020) performed thermal simulations for the peak event in
the Middle Triassic magmatic province in the Southern Alps
(northern Italy). The results presented suggest that upwelling
asthenosphere indeed explains the thinning of the crust and
the subsequent “rifting” that brings hot material up from the
mantle. These thermal simulations provide an explanation and
theoretical background for the hot zone in the lower crustal
and the peak of magmatic activity in the Southern Alps, culmi-
nating in major intrusive bodies (Predazzo and Monzoni). This
included voluminous pillow basalts, even for the age-anchored
Hf isotopic shift from crustal-like signature to more sub-conti-
nental lithospheric mantle signatures.

The thickness of the Triassic crust along the segment of
the Pangaea continental margin discussed here is estimated on
the basis of the empirical relationship between the Sr/Y ratio
(9.25) and crustal thickness D,, according to Hu et al. (2017;
D,,=0.67Sr/Y+28.21). We obtained a ~34 km thick crust
(~1.0 GPa lithostatic pressure at the crust-mantle boundary).
Timing, whole rock, and mineral geochemistry with lower
crustal signatures, as well as the invoked processes of thinning
of the inherited thick(er) continental crust in our scenario
(Fig. 9) fit well with such a large-scale view and thermal
simulations.

Our zircon crystallisation age of 242.9+4.0 Ma (20) coin-
cides with the peak of magmatic activities in the Dinarides in
the Middle Triassic (Anisian—Ladinian) (e.g., Pami¢ 1984;
Smirci¢ et al. 2018, 2020), but also in the Southern Alps and
Western Carpathians. According to the above discussion,
we suggest that the studied albite granite indicates changes
from a tectonically relatively calm period in the Lower Triassic
to the opening of the western branch of the Neotethys Ocean
(Fig. 9). This scenario, which invokes a “wide rift”, can
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explain the ascent of epidote-bearing granitic magma.
Viscosity is usually a key factor in the velocity of rising
granitic magmas (Brown & Solar 1998; Giordano et al. 2008)
and depends on the melt composition and particularly SiO,
content, temperature, and H,O content (Cruden & Weinberg
2018). However, the thermal and mechanical weakening of
a former continental domain at a “wide-rift” margin might
allow for relatively viscous acidic magmas to ascend.

Conclusions

Our petrological and geochronological study of an albite
granite from Mt. Medvednica (Krizevna Bukva), including
thermodynamic modelling at supersolidus conditions, resul-
ted in P-T conditions of about 1.0 GPa at >650 °C for the
early crystallisation of minerals, such as epidote in granitic
(siliceous, metaluminous, and alkaline=high Na) melt.
The 2%Pb/**®U versus 2’Pb/***U concordia age determined on
zircon is 242.9+4.0 Ma (20), which coincides with the
Anisian—Ladinan boundary, i.e., the peak of the Triassic mag-
matic activity in the Dinarides, Southern Alps, and Western
Carpathians. We interpret this age as representing the begin-
ning of significant Middle Triassic fragmentation of the con-
tinental lithosphere and onset of oceanisation in the area.
The proposed “wide-rift” model enables fast ascent of viscous
acidic melts. This model is a consequence of extension and
thinning of the continental lithosphere, followed by the subse-
quent broadening of the newly-formed Neotethys Ocean.
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Supplement

Fig. S1. Outlined P-T occurrences and modal contents (isomodes in vol.%) of calculated mineral phases: a — garnet, b — ampbhibole,
¢ — biotite, d — chlorite. Diagram is constructed with 3 wt. % H,O in the bulk-rock composition.
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