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Abstract. Micro-Raman spectroscopy was used to determine the inclusions in magmatic zircon from the Late
Cretaceous A-type acid igneous rocks in the Slavonian mountains (Mt. Papuk and Mt. Pozeska Gora), in the
southwestern part of the Pannonian Basin (Croatia). The mineral inclusions detected in the early-crystallised
zircon are anatase, apatite, hematite, ilmenite and possibly magnetite. Numerous melt inclusions comprise albite,
cristobalite, hematite, kaolinite, K-feldspar, kokchetavite, kumdykolite muscovite and quartz, where this mineral
association is characteristic of so-called nanorocks (nanogranites), commonly found in peritectic garnets from
high-grade metamorphic rocks. Here we present the first finding of kokchetavite and kumdykolite in a magmatic
zircon. Together with anatase and hematite, these polymorphs are likely evidence of rapid uplift and consequent
rapid cooling of hot oxidised magma generated in the lower crust and its emplacement in the upper crustal level.
This finding provides further confirmation that kumdykolite and kokchetavite do not require ultra-high pressure
(UHP) to form and should not be considered exclusively UHP phases. The rapid uplift was possible due to the
formation of accompanying extensional deep rifts during the tectonic transition from compression to extension,
associated with the closure of the Neotethys Ocean in the area of present-day Slavonian mountains in the Late

Cretaceous ( ~ 82 Ma).

1 Introduction

Micrometre-sized inclusions are increasingly coming into
scientific focus with the development of new analytical and
imaging techniques that have overcome the limits of analyti-
cal resolution in the past few decades. One example is micro-
Raman spectroscopy, which enables non-destructive in situ
phase identification and semi-quantitative estimates of min-
eral composition. Studies of inclusions in general (whether
mineral, melt or fluid) undoubtedly offer insights into the
past of their host mineral (Ferrero and Angel, 2018). Inclu-
sions can provide insights into the early history of the rock
when enclosed in a refractory mineral such as garnet or zir-
con, if devoid of cracks so that the inclusion is not in contact
with the rock matrix. Melt inclusions (Mls) are of particular
importance as their study provides a new, unique understand-
ing of the composition of the melt, a record that is often lost
during the processes of rock crystallisation.

MIs are small droplets of melt that are trapped in miner-
als during their growth in the presence of a melt phase; i.e.
they can be polycrystalline inclusions originally trapped as a
melt but also partially crystallised inclusions or glassy ones
(Sorby, 1858; Lowenstern, 2003; Thomas et al., 2003; Au-
détat and Lowenstern, 2014; Cesare et al., 2011, 2015). The
first association of MI is obviously melt, and therefore MlIs
have long been studied extensively (and exclusively) in ig-
neous rocks, especially in ore-forming systems (e.g. Sorby,
1858; Bodnar and Student, 2006; Audétat and Lowenstern,
2014). They can record initial concentrations of volatiles and
metals usually lost through degassing and fractionation dur-
ing magma solidification (e.g. Frezzotti, 2001), offer more
detailed insight into magmatic processes (e.g. Thomas et al.,
2002; Bodnar and Student, 2006), and are unaffected by sub-
solidus alteration as long as their host mineral remains stable
(Audétat and Lowenstern, 2014).
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Although zircon is widely used as a mineral tool in geol-
ogy, either as a petrogenetic indicator, for geothermometry
or U-Pb dating (Hoskin and Schaltegger, 2003), MI in zir-
con has rarely been used (Thomas et al., 2003) and has only
recently come into focus (Gudelius et al., 2020; Zeng et al.,
2020). Zircon is considered to be the best container for inclu-
sions due to its stability over a wide P—T range, its mechan-
ical resistance, and its ubiquitous occurrence as an acces-
sory mineral in igneous and metamorphic rocks (Harley and
Kelly, 2007). Therefore, inclusions in zircon represent time
capsules that are a valuable tool for constraining the mag-
matic history of igneous systems. In addition, MIs preserve
the composition of the melt that was present during crystal
growth and record the P-T growth conditions (Audétat and
Lowenstern, 2014).

In this study we present inclusions captured in magmatic
zircon from the Late Cretaceous acid igneous rocks from the
Slavonian mountains (Mt. Papuk and Mt. Pozeska Gora) in
Croatia obtained via micro-Raman spectroscopy. The discov-
ered multiphase solid inclusions (MSIs) are interpreted as
MIs. We discuss the insights they provide into the genesis
of the host rock and their importance for reconstructing the
early history of magma evolution in the studied area.

2 Geological setting

The Slavonian mountains (Croatia) in its northern part (in-
cluding Mt. Papuk) are characterised by a very complex geo-
tectonic history and record. They represent so-called insel-
bergs, surrounded by a younger (mainly Miocene) sedimen-
tary cover of the Pannonian Basin (Fig. 1), where the pre-
Variscan and Variscan rocks of the crystalline basement are
exposed (e.g. Pami¢ and Lanphere, 1991a). This crystalline
basement belongs to the Tisia Mega-Unit (Fig. 1a), a geo-
tectonic unit regarded as a fragment that rifted and drifted
from the European plate in the Middle Jurassic with the kine-
matically linked opening of the eastern branch of the Alpine
Tethys Ocean (Schmid et al., 2008, 2020). Additionally, the
southern part of the Slavonian mountains (Mt. PoZeSka Gora)
belongs to the Sava Zone (e.g. Pamié¢, 2002, Fig. 1a), a su-
ture zone formed by the collision of Europe (Tisia Mega-
Unit) and Adria (Dinarides) and the closure of the Neotethys
Ocean in the Late Cretaceous (Schmid et al., 2008, 2020; Us-
taszewski et al., 2009). The Sava Zone is a complex belt com-
prising ophiolites and associated igneous, metamorphic and
sedimentary rocks, including the Late Cretaceous to Early
Paleogene deep-water sediments and flysch (Pamié, 1993,
2002; Pamic et al., 2002a, b).

Although Mt. Papuk is dominated by the Variscan rock
complex (Tisia Mega-Unit), in its northwestern part the Late
Cretaceous igneous rocks crosscut through the Variscan rock
complex and cover an area of ~ 10 km? (Pamié, 1991). To-
gether with the igneous rocks from Mt. Pozeska Gora (area of
~ 30km?), they form a unique unit — the Senonian Basalt—
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Rhyolite Formation (SBRF; Pamié, 1997) or the Late Cre-
taceous bimodal volcanic association (Pamié et al., 2000).
Besides basalts and rhyolites, this bimodal formation also
includes granites (only at Mt. PoZeSka Gora) and pyroclas-
tic material. According to previous studies (Pami¢ and Lan-
phere, 1991b; Pamic et al., 2000; Balen et al., 2020; Schnei-
der et al., 2022), the acid varieties of SBRF have a typi-
cal A-type signature characteristic of a post-collisional, i.e.
post-orogenic, setting. The geotectonic setting for the acid
varieties of this formation is related to the collisional envi-
ronment between the Adria Microplate and Tisia Mega-Unit,
where a subducted plate (Adria) caused mantle to rise, lead-
ing to extensional rift processes in the suture zone. These lo-
cal extensional zones served as pathways for the rapid ascent
of hot, dry and oxidised A-type magma to the (sub)surface
levels. The occurrence of this acid rock indicates the local
tectonic transition from a compressional to an extensional
tectonic regime at ~ 82 Ma (according to zircon age dating;
Balen et al., 2020; Schneider et al., 2022).

3 Material and methods

SBRF acid rocks (rhyolites) were sampled at two locali-
ties from Mt. Papuk: Tre$njevica (sample TRES) and Rup-
nica (sample RUP), both geosites within the Papuk UN-
ESCO Global Geopark (Balen et al., 2023), with the per-
mission of the Papuk Nature Park, and one locality from
Mt. Pozeska Gora: rhyolite outcrop near the settlement of
Vesela (sample VES) (Fig. 1b). In addition, data for granite
from Mt. PoZeska Gora (sample GV) from Balen et al. (2020)
and preliminary results from research on rhyolite from Rup-
nica presented in Schneider et al. (2022) were compared and
included in this study.

Zircon was extracted from the selected rock samples by a
standard procedure which includes crushing the rock (~ 2—
3 kg of each sample), sieving, heavy-liquid separation with
sodium polytungstate (o =2.9 gcm™>), magnetic separa-
tion and handpicking. In preparation for micro-Raman spec-
troscopy, cathodoluminescence (CL) images of selected zir-
con grains were taken at (1) the Institut fiir Mineralogie
und Kristallchemie (closed), Universitdt Stuttgart, with the
electron probe micro-analyser (EPMA) Cameca SX100, and
(2) the Department of Earth Sciences (Petrology and Geo-
chemistry) at the University of Graz using the field emission
scanning electron microscope Zeiss Gemini DSM 982.

3.1 Micro-Raman spectroscopy

The size of the zircon grains separated from the studied rocks
is small, as they were separated from a zircon-bearing frac-
tion of 63-32um, and the size of the inclusions is mostly
< 10 um. Therefore, micro-Raman spectroscopy was the best
method for this study, as it additionally allows for distin-
guishing among different polymorphs. Analyses of the in-
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Figure 1. (a) Simplified map of the Pannonian—Carpathian—Dinaridic—Alpine region, slightly modified from LuZar-Oberiter et al. (2012),
showing the major structural units according to Schmid et al. (2008). (b) Simplified geological map of the Slavonian mountains after Jamicic¢
(2001, 2003) from Horvat (2004), slightly modified. The position of the sample localities are marked with stars within circles: GV — granite
from Mt. PoZeska Gora, RUP — Rupnica locality with rhyolite, TRES — TreSnjevica locality with rhyolite, VES — rhyolite outcrop near the
settlement of Vesela. Inset shows the location of the Slavonian mountains (green rectangle) in the southwestern part of the Pannonian Basin

and major mountain chains.

https://doi.org/10.5194/ejm-36-209-2024 Eur. J. Mineral., 36, 209-223, 2024



212 P. Schneider and D. Balen: Inclusions in magmatic zircon from Slavonian mountains (eastern Croatia)

clusions in zircon were performed in two laboratories: (1) the
Laboratory of Vibration Spectroscopy in Banska Bystrica at
the Earth Science Institute of the Slovak Academy of Sci-
ences and (2) the Department of Earth Sciences (Petrology
and Geochemistry) at the University of Graz.

The working conditions were as follows: (1) a Horiba
Jobin—Yvon LabRAM HRS800 spectrometer equipped with
a Czerny—Turner monochromator and a Peltier-cooled CCD
detector coupled to an Olympus BX41 microscope with a
long working distance 100x /0.8 objective. No special prepa-
ration was carried out prior to the analyses — the sepa-
rated zircon grains were placed directly on the microscope
glass slide. (2) a WITec ultra-high throughput spectrometer
(UHTS) 300 SMCEF VIS coupled with a confocal Raman mi-
croscope imaging system alpha3000 R equipped with a Zeiss
EC Epiplan-Neofluar DIC objective lens 100x /0.9. Here zir-
con grains were handpicked, mounted in epoxy resin and pol-
ished in order to expose the interior of the grains and bring
inclusions closer to the surface and thus optimise the Raman
signal.

Zircon crystals were irradiated at room temperature by a
He—Ne (633 nm) laser with a power of ~3 mW, and a grat-
ing of 600 grooves per millimetre was used. The Rayleigh
line (Ocm™') and emission bands of Ne glow lamps were
used for calibration. Additionally, host zircon was used as
an internal standard in every analysis. Wavenumber accuracy
and lateral resolution were better than 0.8 cm~! and 1 pm, re-
spectively. The spectral resolution was ~ 3.6 cm™! (red spec-
tral range). Spectra were measured with a spot size of (1)
1 pm and (2) ~ 500nm. The acquisition time was 5 (num-
ber of accumulations) x10s for each window. When zircon
bands were too intensive, and therefore inclusion bands could
not be distinguished in the spectra, the acquisition time was
extended to up to 10 x 20s per measurement. The spectra
of the unknown phases were recorded in the range of 60—
4000 cm~! to additionally cover the region of OH-stretching
bands. Only whole zircon grains or grains without visible
fractures or other deformations were analysed for inclusions,
proving that inclusions are isolated systems without evidence
of subsequent post-entrapment re-equilibration (phase tran-
sitions). More than 300 spectra were collected. The spectra
were not additionally corrected.

4 Results
4.1 Rock descriptions

At the Tresnjevica geosite the dyke swarms of various ef-
fusive rocks crosscut the older igneous rock complex and
each other. Many varieties of effusive rocks include differ-
ent subtypes of rhyolite, andesite, basalt, metabasalt and dia-
base (dolerite), but pyroclastic rocks, volcanic breccia, gran-
ite, pegmatite, gneiss and migmatite are also present on the
geosite. The prevailing effusive rock is rhyolite represented
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with albite rhyolite, anorthoclase rhyolite and aegirine—albite
rhyolite. It is light grey to greenish in colour and charac-
terised with a porphyritic texture comprising pinkish albite
phenocrysts in a fine-grained crystalised matrix composed of
K-feldspar, quartz, Ti-Fe oxides and occasionally clinopy-
roxene (aegirine) (Fig. 2a).

The rocks at the Rupnica geosite are light grey to green-
ish in colour and classified as albite and aegirine—albite rhy-
olites. The porphyritic texture is dominated by albite phe-
nocrysts hosted in a matrix composed of albite microliths and
devitrified volcanic glass, with accessory minerals including
magnetite, apatite, zircon and occasionally alkali clinopy-
roxene (aegirine—augite) (Fig. 2b). Detailed petrological de-
scriptions can be found in Balen and Petrinec (2014) and
Schneider et al. (2022).

The rocks from the Vesela locality are leucocratic and light
grey to light brown in colour, classified as albite rhyolite.
The porphyritic texture is dominated by albite phenocrysts
hosted in a fine-grained crystalised matrix composed of K-
feldspar and quartz (Fig. 2c). Accessory minerals include zir-
con, anatase and hematite.

The granite from Mt. PoZeska Gora is reddish to pale pink-
ish in colour with a fine- to medium-grained granitic texture.
It is mainly composed of alkali feldspar and quartz with mi-
nor albite (Fig. 2d). Accessory minerals include zircon, ap-
atite, hematite and monazite. A detailed petrological descrip-
tion can be found in Balen et al. (2020).

4.2 Host zircon and inclusions

Zircon grains extracted from the samples of acid rocks (rhyo-
lites and granites) are uniform in size and morphology among
the samples, usually less than 100 um in the longer axis,
with an average aspect ratio of 2.1:1 (Fig. 2 insets). The
grains are euhedral, with an external morphology defined
by {100} prisms and {101} > {211} bipyramids. The zircon
grains are colourless and highly transparent. Such features,
together with the chemical composition (described in de-
tail in Balen et al., 2020, and Schneider et al., 2022), define
SBREF zircon as early-crystallised zircon (Hoskin and Schal-
tegger, 2003). CL images of the selected grains reveal oscil-
latory zoning (Fig. 3), typical of magmatic growth, without
inherited or metamict cores. The inclusions are mostly less
than 10-15 pm in diameter and randomly oriented with re-
spect to the host zircon crystal growth structure (Figs. 4 and
5). They vary in shape, and some of them are euhedral and
needlelike.

Raman bands of zircon (at 202, 212, 225, 356, 392, 438,
972-974 and 1005-1008 cm™!, the strongest at 356, 972—
974 and 1005-1008 cm™!, after Frezzotti et al., 2012), de-
spite the confocal mode, are very intense, occasionally mak-
ing the identification of included phases difficult. The fol-
lowing minerals were found in inclusions: albite, anatase,
apatite, cristobalite, hematite, ilmenite, kaolinite, K-feldspar,
kokchetavite, kumdykolite, muscovite, quartz and possibly
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Figure 2. Cross-polarised transmitted-light photomicrographs of typical microfabrics for the selected SBRF rocks, with insets showing the
typical morphology of zircon: (a) TRES rhyolite, (b) RUP rhyolite, (¢) VES rhyolite, (d) GV granite.

Figure 3. Typical CL images of magmatic zircon from acid SBRF
rocks with oscillatory zoning: (a) section perpendicular to the ¢
axis; (b) section along the ¢ axis.

magnetite (Figs. 6 and 7). The results are summarised in Ta-
ble 1, together with a list of characteristic bands for each min-
eral. Since the intensity of the Raman bands also depends on
the orientation of the crystal lattice, the Raman bands were
not always of the same intensity as those given in the refer-
ence literature, and occasionally not all bands could be de-
tected.

The most common inclusions are colourless apatite nee-
dles (Fig. 4), which were detected in all samples and predom-
inantly resemble spectra of fluorapatite to hydroxyfluorap-
atite (Fig. 6b). Hematite, a dark-coloured inclusion (some-
times distinctly red), is also detected in all samples, either

https://doi.org/10.5194/ejm-36-209-2024

as a separate solid (mineral) inclusion (Fig. 4) or within
MSI (Fig. 5). Anatase, another dark-coloured inclusion, is
detected in all samples, except in the TRES sample, where
instead ilmenite is detected. In addition, some spectra of sin-
gle mineral inclusions might correspond to magnetite (only
the strongest band at 668 cm ™! is detected, Fig. 6e).

Kumdykolite and kokchetavite are usually found together
in what appears to be the same dark-coloured, brown-
ish (and/or with a thick, dark halo) subhedral (droplet-
like) or anhedral (wormlike, sometimes even amoeboid-
shaped) MSI, often attached to apatite needles (Fig. 5c)
and frequently accompanied by very fine red hematite crys-
tals (Fig. 7b). Within some larger MSIs (~ 20 um), smaller
daughter crystals can be recognised (Fig. 7a). Additionally,
some MSI spectra correspond to muscovite (Fig. 7c, d), al-
bite (Fig. 7e), K-feldspar (Fig. 7f), quartz (Fig. 7f) and cristo-
balite (Fig. 7g). In a few MSIs from the VES sample, kaoli-
nite is also detected (Fig. 7h).

5 Discussion

MIs in igneous rocks have been studied for a long time but
not so extensively in magmatic zircon, which has only re-
cently come into focus (e.g. Gudelius et al., 2020; Zeng
et al., 2020). Here we report MSIs in magmatic zircon

Eur. J. Mineral., 36, 209-223, 2024
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Figure 4. Separated zircon grains typical for acid SBRF rocks with an abundance of inclusions: colourless needles of apatite, dark-coloured
inclusions of oxides (anatase, hematite and magnetite) where hematite is distinctly red, and MI in the form of bubbles or anhedral yellowish

to brown inclusions with a dark halo.

with the association of feldspar polymorphs (kumdykolite,
kokchetavite, albite and/or K-feldspar), SiO, polymorphs
(quartz or cristobalite), OH-bearing phases (phyllosilicates
— muscovite and kaolinite) and hematite. Such mineral asso-
ciation confirms the existence of granitic melt, proving that
MSIs are indeed crystallised melt and therefore can be re-
garded as MlIs (e.g. Ferrero and Angel, 2018). Crystallised
MlIs detected in acid SBRF rocks are identical to those re-
ported in migmatites, initially found having a granitic s.1.
composition, representing so-called nanogranites (Cesare et
al. 2009), i.e. nanogranitoids (Cesare et al., 2015). MIs were
later shown to have a more diverse composition from silicatic
to carbonatitic and were therefore named nanorocks (Bartoli
and Cesare, 2020). MIs and nanorocks have lately become
a matter of considerable scientific interest in the reconstruc-
tion of metamorphic processes (e.g. Cesare et al., 2009, 2015;
Nicoli and Ferrero, 2021). Besides the information on the
history of the host mineral and/or host rock, they additionally
widen the horizons of crustal petrology, helping us to under-
stand crustal differentiation, the mechanisms and nature of
crustal melting, the formation and differentiation of the early
continental crust, etc. (Cesare et al., 2015). As recently sug-
gested, anatectic MI could help constrain the crustal compo-
nent of the volatile cycle, with melt and fluid inclusions in
metamorphic crustal rocks representing a remarkable record
that allows quantifying even the evolution of plate tecton-
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ics (Nicoli and Ferrero, 2021). However, in previous studies
nanogranitoids have always been reported in partially melted
rocks (see Bartoli and Cesare (2020) for a detailed overview),
where they represent the products of melting reaction, i.e.
anatectic melts, while here in magmatic zircon nanograni-
toids represent enclosed pockets of a parental melt.

Crystallised MIs often appear brownish when observed
with an optical microscope (Ferrero et al., 2012; Cesare et
al., 2015) and as melt pockets attached to mineral inclusions
(most commonly apatite needles, Gudelius et al., 2020; but
also rutile, Ferrero et al., 2012), which corresponds to the
appearance of the MSIs observed here (Fig. 5).

Although not previously reported in the MlIs, kaolinite
could form as an alteration product of feldspar(s) due to H,O
released during crystallisation of the melt but trapped in a
closed system of MIs (Silvio Ferrero, personal communica-
tion, 2023). The phyllosilicates (muscovite and kaolinite) de-
tected in MIs confirm the presence of H»O in the originally
trapped melt. In addition to MSIs, i.e. MlIs, single inclusions
of apatite, anatase, ilmenite, hematite and possibly magnetite
are present in magmatic zircon.

https://doi.org/10.5194/ejm-36-209-2024
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Table 1. Summarised results of the inclusion study on selected acid rocks from the SBRF with a list of the Raman bands typical of each
mineral and the reference literature. The strongest bands are in bold. Data for granite from Mt. PoZeska Gora (GV) are from Balen et

al. (2020).
Mineral Raman bands (cm_l) References Mt. PoZzeska Gora ‘ Mt. Papuk n
GV VES | RUP TRES

Albite (Ab) 163, 183, 210, 251, 292, 328, Frezzotti et al. (2012) X X 9
457, 480, 508, 764, 816, 977, RRUFF (2023a)
1032, 1098

Anatase (Ant) 143, 195, 395, 514, 638 Frezzotti et al. (2012) X X X x? 11

Apatite (Ap) (FOH) 432, 449, 581, 592, 608, 965, Penel et al. (1997) X X X X 78
1042, 1053, 1081, 3537, 3573

Cristobalite (Crs) 114, 230, 273, 286, 420, 792, Frezzotti et al. (2012) X 1
1075 RRUFF (2023b)

Hematite (Hem) 144, 223, 290, 409, 498, 609, Frezzotti et al. (2012) X X X X 39
1313 RRUFF (2023c¢)

Ilmenite (Ilm) 232,373, 685 Frezzotti et al. (2012) X 8

RRUFF (2023d)

Kaolinite (Kln) 131, 141, 197, 248, 270, 335, Kloprogge (2017) X 2
396-430, 463, 509, 655, 700,
750, 790, 915, 936, 1043, 1110,
3691, 3650, 3667, 3686, 3695

K-feldspar (K-Fsp) 108, 127, 159, 178, 199, 263, Frezzotti et al. (2012) X X 7
267, 286, 455, 475, 514, 651, RRUFF (2023e)
749, 813, 1007, 1128, 1142

Kokchetavite (Kct) 110, 391, 835 Kanzaki et al. (2012) X X ‘ x? X 26

Kumdykolite (Kdy) 154, 222, 265, 407, 464, 492 Kotkova et al. (2014) X X ‘ x? X 32

Magnetite (Mag) 193, 306, 538, 668 Frezzotti et al. (2012) x? ‘ x? x? 5

Muscovite (Ms) 178, 197, 216, 261, 385, 407, Frezzotti et al. (2012) X x? 18
639, 702, 754, 914, 957, 1117,
3627

Quartz (Qz) 128, 206, 265, 356, 402, 464, Frezzotti et al. (2012) X X X 8
698, 1161 RRUFF (2023f)

n —number of spectra where the phase was identified; x — confirmed; x? — possible finding (not all characteristic bands were detected).

5.1 Kumdykolite and kokchetavite

Kumdykolite is an orthorhombic polymorph of albite
(NaAlSi30Og). The first finding of this polymorph was doc-
umented by Hwang et al. (2009), where kumdykolite was
found in the Kokchetav ultra-high-pressure (UHP) massif in
Kazakhstan as micrometre-scale (1-5 um) crystals in MSIs
(together with diopside, cristobalite/quartz, phyllosilicates,
amphibole and/or carbonates) in omphacite of eclogite. It
was presumed that kumdykolite, formed under high temper-
atures with rapid cooling and in the absence of water, repre-
sents evidence of the UHP conditions. Németh et al. (2013)
documented kumdykolite in a porous silica core of a concen-
trically zoned metal—sulfide nodule in a meteorite, assuming
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that kumdykolite did not form at high pressure but rather un-
der high temperature, presumably > 1300 K. Kumdykolite
was also documented in an MSI (together with phlogopite
and quartz) within garnet in a UHP diamond-bearing quart-
zofeldspathic granulite, from the northern Bohemian Mas-
sif (Kotkova et al., 2014), and further in felsic granulites in
the Moldanubian Zone of the Bohemian Massif, as a part of
MSIs in garnet and zircon (Perraki and Faryad, 2014).
Kokchetavite is a hexagonal polymorph of K-feldspar
(KAISi30g), first observed by Thompson et al. (1998) in
experiments with synthetic starting materials as a “hexas-
anidine”, a product of dewatering of “sanidine hydrate” (K-
cymrite, another metastable polymorph and a hydrated form
of K-feldspar, KAISi3Og - nH>O; Seki and Kennedy, 1964).
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Figure 5. Typical morphology of MIs in zircon from acid SBRF rocks: (a) dark subhedral bubbles (marked with red arrows) and apatite
needles, (b) multiphase MIs (marked with red arrows), (¢) MI attached to an apatite needle, (d) anhedral wormlike MI, and (e) anhedral

amoeboidlike MI.

Kanzaki et al. (2012) and Romanenko et al. (2021) repeated
a similar experiment, where kokchetavite was obtained by
dehydrating K-cymrite at ambient pressure and heating it up
to 750 °C. The first record of a natural kokchetavite, found
as a micrometre-size inclusion within MSI in clinopyroxene
and garnet in a garnet—pyroxene rock from the Kokchetav
UHP terrane (Hwang et al., 2004, 2013), was interpreted as
non-equilibrium precipitation during exhumation, i.e. as be-
ing due to the fluid/melt infiltration. Working on the same
complex, Mikhno et al. (2013) suggested that kokchetavite
formed through the dehydration of K-cymrite, but the exact
P-T conditions for such a transition were not determined.
Kumdykolite and kokchetavite, along with coesite and di-
amond, have been regarded for some time by the petrolog-
ical community as being indicators of UHP metamorphism
(Hwang et al., 2009, 2013; Kotkové et al., 2014; Roma-
nenko et al., 2021). More findings of kumdykolite and/or
kokchetavite have been reported recently, such as multiphase
inclusions with kokchetavite in detrital garnet from UHP
metamorphic terrane in eastern Papua New Guinea (Bald-
win et al., 2021) and kumdykolite and kokchetavite in multi-
phase inclusions (together with cristobalite) in garnets from
UHP terrains in the central Saxonian Erzgebirge in the north-
western Bohemian Massif in Germany (Schonig et al., 2020).
Stdhle et al. (2022) reported the finding of kokchetavite,
together with some other UHP phases, in alkali-rich melt
glass (shock-induced melt veins) in weakly to moderately
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shocked amphibolite clasts from the young Ries impact
crater in southern Germany (age of structure: 14.8 Ma). Here
kokchetavite is found to be in an association with other UHP
minerals (liebermannite, albitic jadeite and the immediate
vicinity of majoritic garnet), which may indicate crystalli-
sation pressures of nearly 10 GPa.

However, Ferrero et al. (2016) suggested that the pres-
ence of kumdykolite and kokchetavite does not necessar-
ily represent UHP conditions. In their research, kumdyko-
lite and kokchetavite were found together with cristobalite,
mica and calcite in high-pressure granulites of the Orlica—
Snieznik Dome (Bohemian Massif). As the maximum pres-
sure recorded in these host rocks by the entrapment condi-
tions of MI is 2.7 GPa (with an entrapment temperature of
875°C, which is below the quartz—coesite transition; Fer-
rero et al., 2015), their observations indicate that (ultra)-high
pressure is not required for the formation of kumdykolite
and kokchetavite. Instead, together with cristobalite, these
polymorphs are the product of partial melt crystallisation
in preserved nanogranites, i.e. MSI interpreted as former
MI. Furthermore, Ferrero and Angel (2018) also reported
nanogranites with kumdykolite and kokchetavite in low-
pressure garnet xenocrysts of the La Galite archipelago in
Tunisia, trapped at 0.4-0.5 GPa (Ferrero et al., 2014). Our
study, in which kumdykolite and kokchetavite were found in
multiphase MI in magmatic zircon from the acid rocks of the
SBRE, further corroborates that such phases cannot be used
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Figure 6. Typical Raman spectra of the mineral inclusions detected
in zircon from acid SBRF rocks, with spectra of host zircon in
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as evidence for UHP (or even HP) conditions because their
formation here appears to be completely independent of pres-
sure.

5.2 Anatase

Anatase is found here as a single mineral inclusion in zircon
from acid igneous rocks. It is one of three naturally occurring
TiO, polymorphs, the other two being rutile and brookite. It
is generally considered to form, similar to brookite, in low-
temperature hydrothermal environments (Lindsley, 1991).
Among those three TiO, polymorphs, rutile is the most com-
mon phase in nature and is thought to be the only polymorph
with a true stability field, whereas anatase and brookite are
regarded as metastable. Rutile is also denser than anatase
(4.2gcm™3 compared to 3.8gcm™>, Wenk and Bulakh,
2004) and is therefore considered stable at both higher tem-
peratures and pressures compared to anatase. However, all
the published “phase boundaries” between rutile and anatase
or brookite most probably reflect kinetics rather than equilib-
rium (Lindsley, 1991).

Experimental studies in the field of materials science (e.g.
Gopal et al., 1997; Li and Ishigaki, 2002; Smith et al., 2009;
Hanaor and Sorrell, 2011; Fu et al., 2013) have shown that
the rate of crystallisation from solution is what actually deter-
mines which TiO; phase is stabilised. Li and Ishigaki (2002)
showed that the nucleation of anatase and rutile from melt
depends on the degree of undercooling of the melt or the so-
lidification temperature, with anatase being favoured under
a high cooling rate and rutile under near-equilibrium solidi-
fication conditions. More rapid crystallisation of metastable
anatase could be explained with the lower surface energy of
this polymorph, despite the lower Gibbs free energy of ther-
modynamically stable rutile (Li and Ishigaki, 2002; Hanaor
and Sorrell, 2010). Although anatase and brookite are found
to transform irreversibly to rutile at different temperatures
(Fu et al., 2013), anatase captured in mechanically resistant
zircon is protected from any further phase transformations
and may possibly be regarded as an indicator of a high cool-
ing rate in our magmatic system.

5.3 Iron oxides

Various iron oxides were detected as inclusions in magmatic
zircon from SBREF, either as individual mineral inclusions
(ilmenite, hematite and possibly magnetite) or within the
MI (hematite). In igneous rocks ilmenite has been reported
to have exsolution lamellae, decomposing into hematite and
anatase (Haggerty, 1991). In the case of acid SBRF rocks,
where the inclusions are sealed within zircon and protected
from later re-equilibration and changes in the crystal lat-
tice, such a scenario is unlikely. Magnetite, and especially
hematite, as minerals with ferric iron, suggests initially
(very-)high-oxygen fugacities. Although ilmenite contains
ferrous iron, it was detected (only in the TRES sample)
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Figure 7. Raman spectra of MI revealing various silicates and polymorph phases, with spectra of host zircon in grey for comparison (Zrc):
(a) MI enlarged from Fig. 5b with smaller (daughter) crystals visible in the lower-left corner of the MI. Detected phases include kumdykolite
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in association with hematite and possible magnetite inclu-
sions. Therefore, the iron oxides detected in magmatic zir-
con, where they represent primary inclusions, are here evi-
dence of oxidised early conditions of melt crystallisation.

5.4 Apatite

The most mineral inclusions in zircon are by far apatite,
recognisable by an elongated, needlelike habitus. Apatite in-
clusions are common in zircon (Jennings et al., 2011), and,
as stated in Schneider et al. (2022), in the case of SBREF, ap-
atite crystallised prior to or during the crystallisation of zir-
con. Apatite inclusions in zircon have a high potential for
constraining the early magma composition and for tracking
the behaviour and content of volatiles in magmatic systems,
where F or Cl contents in apatite can be used to delineate
petrogenetic processes (Kendall-Langley et al., 2021). This
is especially used in the detrital zircon study, as apatite com-
positions match those of apatite in the host rock matrix (Jen-
nings et al., 2011). As the composition of the acid rocks of
SBRF and apatite is already known (Schneider et al., 2022),
providing a detailed chemical composition of apatite was not
the focus of this study. Nevertheless, it is worth pointing out
that most of the apatite Raman spectra resemble fluorapatite,
with only a minor concentration of “water” (OH), consis-
tent with crystallisation from relatively dry magma as stated
in Balen et al. (2020) and Schneider et al. (2022). Accord-
ing to Piccoli and Candela (2002), fluorapatite is by far the
most common member of the apatite family found in igneous
rocks.

5.5 Implications for magmatic evolution

As pointed out in Balen et al. (2020) and Schneider et
al. (2022), zircon from acid rocks of SBRF represents early-
crystallised zircon. Therefore, the inclusions studied here
likely record the early history of melt crystallisation and
magmatic conditions, especially as they are clearly isolated
systems protected from the later re-equilibration by the ab-
sence of cracks connecting the inclusion to the rock matrix.
Inclusions of anatase indicate rapid cooling, while the iron
oxides indicate oxidised conditions. However, the most ex-
citing and important findings here are MIs with kumdykolite
and kokchetavite.

The inclusions in zircon have been studied more inten-
sively in the last few decades but mostly from metamorphic
rocks, where it served as a capsule for reconstructing meta-
morphic history (e.g. Liu et al., 2001; Rubatto and Hermann,
2007; Katayama and Maruyama, 2009; Liu and Liou, 2011;
Perraki and Faryad, 2014; Zhang et al., 2017; Gonzalez et
al., 2021; Fei and Liu, 2022), and less frequently in igneous
petrology (e.g. Jennings et al., 2011; Gudelius et al., 2020;
Zeng et al., 2020). To the best of our knowledge, crystallised
MIs containing kumdykolite and kokchetavite in magmatic
zircon have not been reported yet. The very few documented
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findings of these polymorphs in zircon relate to UHP ter-
rains (Perraki and Faryad, 2014; Fei and Liu, 2022). To
be preserved, such metastable mineral inclusions should re-
main as isolated systems, trapped within mechanically strong
host minerals, such as garnet or zircon (Ferrero and Angel,
2018). Our study with micro-Raman spectroscopy is the first
of its kind on MI from magmatic zircon, although not the
first study of MI in zircon from igneous rocks in general.
Gudelius et al. (2020) studied the mineralogical and chemical
compositions of MI in mafic and felsic rocks of the Bushveld
Complex (South Africa) using EPMA, which cannot deter-
mine the exact polymorph. Furthermore, they performed re-
homogenisation and re-crystallisation of the MI, a procedure
in which the original metastable polymorphs (if present) are
lost because they are remelted completely. As a result, we
here report the first finding of these polymorph minerals in
magmatic zircon from acid rocks, both intrusive and effusive.

Formation of kokchetavite through dewatering of K-
cymrite is highly unlikely in the case of acid SBRF igneous
rocks, as K-cymrite is a UHP mineral (Massonne, 1995).
Kumdykolite and kokchetavite are interpreted as crystallisa-
tion products of the melt trapped as the inclusion and are the
result of rapid crystallisation of a melt (Ferrero and Angel,
2018). As suggested in Ferrero and Angel (2018), when the
melt is trapped in a small pore in metamorphic rocks, rapid
crystallisation is not caused by rapid cooling but rather by the
peculiar undercooled and supersaturated conditions achieved
during cooling by a melt confined in a small cavity. However,
the acid SBRF igneous rocks are the result of the crystallisa-
tion of deep-seated magmas which were rapidly transported
toward the surface along the extensional deep faults, a pro-
cess which consequently caused rapid cooling (Belak et al.,
1998; Balen et al., 2020; Schneider et al., 2022). The occur-
rence of anatase inclusions as a primary TiO, phase in zircon
is independent evidence of such a scenario. Therefore, the
formation of these polymorphs in zircon from acid rocks, in
addition to undercooling and supersaturation conditions, was
likely also favoured by rapid cooling due to rapid exhuma-
tion.

6 Conclusions

Mineral inclusions found in magmatic zircon from granite
and rhyolites of SBRF comprise anatase, apatite, hematite,
ilmenite and potentially magnetite, while MIs contain vari-
ous polymorphs of feldspars (albite, K-feldspar, kokchetavite
and kumdykolite), SiO, (quartz or cristobalite), hematite
and phyllosilicates (kaolinite and muscovite). MIs with
such composition represent nanogranitoids. Compared to the
nanogranitoids of anatectic origin previously reported in par-
tially melted rocks, here they represent primary inclusions
of parental magma (i.e. magmatic nanogranitoids) that were
protected from later equilibration with the melt or alter-
ation by fluids. In this study we report for the first time
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kumdykolite- and kokchetavite-bearing MI in magmatic zir-
con. The presence of kumdykolite and kokchetavite in the MI
hosted in magmatic zircon is possibly the strongest evidence
that these phases should not be considered exclusively UHP
(nor even HP) phases.

Inclusions found here are independent mineralogical evi-
dence indicating rapid uplift and emplacement of a primar-
ily oxidised magma from the deep (lower) crustal level. The
rapid uplift was possible due to the formation of extensional
deep faults during the tectonic transition from compression to
extension in the Late Cretaceous (~ 82 Ma) and the regional
geological event associated with the closure of the Neotethys
Ocean in the area of present-day Slavonian mountains.
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