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Abstract: Sapphires crystals were identified in the corundum-bearing xenoliths in Miocene (Upper to Middle Sarmathian)
andesites of the Slanské vrchy Mountains, eastern Slovakia at the Zahradné, HuboSovce and Vechec localities.
The sapphire crystals occur in (1) micaceous xenoliths, which are built mostly of dark mica from annite—phlogopite series
(biotite), K-feldspars, plagioclase with abundant inclusions of hercynite, ilmenite and Ti-rich magnetite, locally with
pyroxenes of enstatite-ferosilite series at the localities Zahradné and HuboSovce. Less abundant are sapphires occurring
in cordieritic xenoliths (2), dominantly consisting of cordierite, plagioclase and sillimanite with minor hercynite and
ilmenite inclusions discovered in the Vechec quarry. Sapphires are dark blue to light blue with vitreous to diamond lustre
and no visible pleochroic colour change forming mostly pseudohexagonal tabular, locally more complex euhedral to
subhedral crystals up to 2.0 mm in size with triangular-shaped patterns on crystal faces. Raman spectroscopy showed
characteristic corundum peaks at 419 cm™ A, mode and 384 cm™ E, mode with other peaks assigned to Al,O, crystal
vibrations. Chemical composition (EPMA, LA-ICP-MS) shows typical content of 98.12-99.60 wt. % AlL,O; with
increased concentrations of Fe, Ti, Cr, V, Mg and Ga, locally also Na, Ca, K, B and Li. Genesis of corundum-bearing
xenoliths interpreted from paragenetic observations and geochemical data shows clear metamorphic trend. Formation of
sapphires was caused by incorporation of Al-rich precursor metasediments depleted in silica into the magmatic reservoir,
which caused thermal overprint of the precursor mineral assemblage and led to the formation of high temperature mineral
association suitable for corundum crystallization. Furthermore, sapphire crystals from the HuboSovce quarry exhibit
spinel coronas, which are typically developed from destabilization of corundum during their retrograde development.
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Introduction
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Sapphire is known as a blue variety of corundum, which has
a trigonal crystal structure belonging to the R3c space group.
The crystal structure of corundum consists of O atoms arran-
ged in hexagonal close packing with Al atoms occupying two
thirds of the octahedral sites (Ishizawa et al. 1980). Corundum
is a very well-known mineral from the different environ-
ments in Al-rich and Si-poor igneous, metamorphic (anatectic,
metasomatic), weathering and alluvial sedimentary deposits
(e.g., Giuliani et al. 2005, 2014, 2020; Simonet et al. 2008;
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Sorokina et al. 2017; Miranda-Diaz et al. 2022) all around
the world.

Aluminium oxide occurs in the form of several allotropic
modifications, where corundum exists in the form of a-Al,O,,
other modifications are known as synthetic equivalents, or
they rarely occur in nature. Natural - and 0-Al,O, were
reported from permafrost sediments in Russia (Zigert et al.
1990), x-AlL,O, was found in lateritic pisolites in Australia
(Singh & Gilkes 1995) or n-Al,O, was identified in bauxites
from Queensland, Australia (Tilley & Eggleton 1996).
Recently, only deltalumite, the tetragonal 6-Al,O; modifica-
tion with the spinel structure, was described as a valid mineral
from the pores of basalt lava and scoria altered by fumarolic
gas at Ploskiy Tolbachik Volcano in Russia with a structural
formula written as (Al ], 5;)ALO, (Pekov et al. 2019).

www.geologicacarpathica.com


https://doi.org/10.31577/GeolCarp.2024.06
https://creativecommons.org/licenses/by-nc-nd/4.0/

118 MYSLAN, STEVKO, MIKUS and VACULOVIC

In the Neogene volcanic area in the Western Carpathians
of Slovakia and Hungary, corundum (a-Al,O,) is a rare acces-
sory mineral. Occurrences of sapphire are documented from
the andesites, pyroclastic rocks and hornfels of the Stiavnické
and Kremnické vrchy Mts. at the localities Sklené Teplice and
Dolné Hamre (Hvozd’ara & Cin&ar 1972), Dobréa Niva (Fiala
1954) and borehole KR-3 near Kremnica (Bohmer & Simova
1976), in the xenoliths detected in boreholes KS-8 and KS-33
near Kloko¢ and Stozok in the Javorie Mts. (Kollarova &
Hrasko 2009), in the xenoliths in andesites from Vechec in
the Slanské vrchy Mts. (Dud’a et al. 1981) and in the Borzsony
and Visegrad Mts. (Szakall et al. 2002). Sapphire also occurs
in primary volcanic Neogene Al-Si metasomatic bodies at
the locality Remetské Hamre — Kapka in the Vihorlatské vrchy
Mts. (Bacs6 1971; Derco et al. 1977) and ViglaSskd Huta in
the Javorie Mts. (Markova & Stohl 1978). Furthermore, sap-
phire occurs in Pliocene—Pleistocene alkali basalts at the loca-
lities Hajnacka and Gortva (Uher et al. 2012), in syenitic
xenoliths in the Pliocene maar at Pincind in the Cerova
Highlands (Hurai et al. 1998; Huraiova & Konecny 2006) and
as amoeboid corundum exsolutions from plagioclase in xeno-
liths in Camovce basalt quarry (Reato et al. 2022).

Aim of this work is focused on the detailed mineralogical
characterization of the main and accessory minerals of the
corundum-bearing xenoliths from the three studied localities
in the Slanské vrchy Mts. as well as detailed spectrometric
(Raman) and chemical (EPMA-WDS, LA-ICP-MS) study of
the corundum crystals. These parameters are also discussed on
behalf of the probable corundum origin.

Geological settings and localization

The Slanské vrchy Mts. belong to the Eastern Slovakian
Neovolcanic mountain chain (Fig. 1a) generated during the
Miocene volcanic activity. The oldest geological superunit
present in the bedrock of the northern part of Slanské vrchy
Mts. is Veporicum with lithological sequences composed of
Paleozoic crystalline rocks (migmatites, granodiorites and
amphibolites) of the Cierna hora Belt (Fig. 2b). The Permian
units of the Lubietova Group are deposited on the underlying
crystalline units and consist mostly of arkoses and cherts.
Paleozoic units are overlain by Mesozoic (Lower Triassic to
Lower Jurassic) sedimentary rocks of continental and shal-
low-water origin. Peripherally, the underlying sequences of
the Eastern part of the Slanské vrchy Mts. belong to the
Inacovce—Kricevo Unit, built mostly by metamorphosed ultra-
mafic rocks, basalts, tuffites and pelitic rocks (Kaliciak et al.
1991; Vass et al. 2000).

The studied area in the northern part of the Slanské vrchy
Mts. is built by Lysa Straz—Oblik in the form of extrusive
andesites and shallow intrusive diorite porphyries, which are
situated in the NW-SE volcanic-tectonic zone (Kaliciak et al.
1991). Studied xenoliths occur in the Maliniak and Lysa
Straz igneous bodies, which are part of the Lysa Straz—Oblik
Formation (Fig. 1¢). The magmatic activity of the extrusive
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bodies is dated based on FT method in the interval 12.2
+0.4 Ma, which corresponds to the Upper Sarmatian period
(Kaliciak & Repcok 1987). The magma of the studied forma-
tion was probably formed at mantle—crust boundary and crys-
tallized in temperature—pressure conditions determined in the
temperature interval of 810-940 °C and above 800 MPa for
Maliniak andesite body and 900-1000 °C at a pressure about
600—-700 MPa for Lysa Straz body (Bénova 2005).

Extrusive domes and bodies are composed of a light gray
pyroxenic—amphibole andesites with minor garnet. The most
common rock-forming minerals are plagioclase (Any, ;,),
Ca-amphibole, enstatite—ferosilite and augite with accessory
garnet grains of dominantly almandine composition. Apatite,
zircon, ilmenite and magnetite are present in the form of
accessory minerals. Minerals are partially carbonatized and
chloritized (Zorkovsky 1953; Bonova 2005). The bodies of
the Lysa Straz—Oblik Formation are overlaid with volcanic
products of the Zlatd Bana Formation (Upper Sarmatian—
Lower Pannonian) and occur in the environment of sedimen-
tary rocks of the Subtatric Group of the Inner Carpathian
Paleogene. Andesites cut through Paleogene clay shales and
sandstones of the Zuberec Formation (Kaliciak et al. 1991),
which are partially metamorphosed at the contact with
andesite.

Most of xenoliths in the Zahradné quarry are formed by
volcano-sedimentary and pelitic sedimentary rocks and por-
celanites. The genesis of these xenoliths was addressed by
Marcin¢akova & Kosuth (2011), who assume that the xeno-
liths containing clastic rock fragments from the Zahradné
originated from Neogene to Paleogene sedimentary protolith.
Moreover, basic magmatic enclaves were identified in the
Hubosovce quarry, which are composed of pyroxene, plagio-
clase and rarely garnet and biotite, locally accumulated at
the contact with andesite (Marcincakova & Kosuth 2011).

The second area studied in this work occurs in the middle
part of the Slanské vrchy Mts. Volcanic formation is composed
of the remains of the parasitic Vechec andesite stratovolcano
situated between the Makovica and Strechovy vrch stratovol-
canoes (Fig. 1c). The central zone of the Vechec stratovolcano
is formed by a volcanic neck. The volcanic cone and mantle,
which are located on the outer zone of the volcano, are formed
by the relics of lava flows, composed of predominantly grey to
grey-black pyroxene andesite. The effusive andesite products
of the parasitic Vechec stratovolcano are formed mostly by
plagioclase (An,, 5,) and pyroxenes, mainly augite and ensta-
tite—ferrosilite series. The peripheral zone consists mainly
of redeposited andesite pyroclastic material and tuffs (Kaliciak
et al. 1991). Radiometric dating using the K—Ar method esti-
mated the age of the andesite in the central part of the strato-
volcano at 11.8 Ma (Durica et al. 1978), which classifies
the formation of stratovolcano to Central Sarmatian volcanic
activity.

Both the Zahradné and the HuboSovce quarries ale located
approximately 10 km NE of PreSov town. The Zahradné
quarry is situated in the root part of the Maliniak extrusive
dome, located 2 km SW of the same name village, its GPS
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Fig. 1. A — Map of Slovakia with highlighted Slanské vrchy Mts. B — Geological map of the Eastern Slovakia with occurrence of underlying
units (modified after Vass et al. 2000) under the Slanské vrchy Mts. neovolcanites. C — Details of the geological maps of the northern part of
the Slanské vrchy Mts. (modified after Kaliciak et al. 1991) with the location of HuboSovce (1), Zahradné (2) and Vechec (3) quarries.
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Fig. 2. Microphotographs of sapphires in xenoliths from studied localities. A, B— Pseudohexagonal tabular crystals of sapphire embedded in
plagioclase—biotite matrix from Zahradné. C, D — Isolated complex crystals of sapphire embedded in plagioclase—biotite matrix from
Hubosovce. E, F — Isolated tabular and pseudohexagonal crystals in plagioclase matrix with cordierite from Vechec. Photos by J. Demian

(Zéhradné, Hubosovce) and L. Hrdlovi¢ (Vechec).

coordinates are 49°04°17.5”N and 21°15°41.3”E. The Hubo-
Sovce quarry is founded at the edge of the Lysa Straz extrusive
body, located 3.5 km NE of Zahradn¢ and 1.5 km SW of
Hubosovce with GPS coordinates 49°05°08.8”N and
21°13°25.1”E. Vechec quarry is situated approximately 45 km
SE of PreSov and 2.5 km SW of the Vechec village near
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the Vranov nad Toplou, with GPS coordinates estimated as
48°51°9.58”N, 21°36°12.10”E.

Xenolith samples from Zahradné and HuboSovce were col-
lected in the period of years 2021 and 2022 by one of the
authors (PM), which contained visible crystals of sapphires on
the 1** and 2" level of the Zahradné quarry from spherical
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blocks of andesite and from fresh blast pile at the 3% level of
Hubosovce andesite quarry, within andesite block with dimen-
sions approximately 3020 cm. The samples of corundum
from cordierite-bearing xenoliths at the Vechec quarry were
collected by Pavel Cerny in 1974.

Analytical methods

Quantitative chemical (WDS) analyses of minerals were
obtained using an electron microanalyser JEOL-JXA850FE
(Earth Science Institute, Slovak Academy of Sciences, Banska
Bystrica). The following conditions, standards and X-ray lines
were used: acceleration voltage 15 kV, beam current 20 nA,
beam diameter between 1-10 pm, ZAF correction: albite
(Na Ka, Al Ka), apatite (P Ka), baryte (Ba La), celestine
(Sr La), Cr,0O; (Cr Ka), diopside (Si Ka, Ca Ka, Mg Ka),
fluorite (F Ka), gahnite (Zn Ka), hematite (Fe Ka), Ni,Si
(Ni Ka), orthoclase (K Ka), rhodonite (Mn Ka), rutile (Ti Ka),
ScVO, (V Ka), tugtupite (Cl Ka) and YPO, (Y La). Elements
which were analysed quantitatively and are below the detec-
tion limit are not listed in the tables. Photographic documenta-
tion of relationships between minerals was carried out in the
BSE mode. Abbreviations of minerals used in this study are
according to Warr (2021).

The Raman spectra of corundum was collected in the range
100-1000 cm ! using a DXR dispersive Raman Spectrometer
(Thermo Scientific) mounted on a confocal Olympus micro-
scope (Department of Mineralogy and Petrology, National
Museum, Prague). The Raman signal was excited by an unpo-
larised green 532 nm solid state, diode-pumped laser, and
detected by a CCD detector. The experimental parameters
were: 100% objective, 25 pm pinhole spectrograph aperture,
10 mW laser power level for sapphires from Zahradné and
HuboSovce and an unpolarised green 780 nm solid state,
diode-pumped laser, 100% objective, S0 um pinhole spectro-
graph aperture and 21 mW laser power level for sapphire from
the Vechec.

Trace elements in sapphire were determined by LA-ICP-MS
(Department of Chemistry, Faculty of Science, Masaryk Uni-
versity, Brno) using a laser ablation system LSX-213 G2+
(CeETAC Technologies) operating with a wavelength of
213 nm coupled to quadrupole ICP-MS spectrometer Agilent
7900 (Agilent Technologies, Japan). The tablet samples were
placed in a two-volume ablation cell HelEx II, and ablated
material was carried out by helium flow (0.6 and 0.3 1/min).
A sample gas flow of Ar was admixed to the He carrier gas
flow after the laser ablation cell. Therefore, the total gas flow
was 1.9 1/min. Optimization of LA-ICP-MS conditions was
performed with the glass reference material NIST SRM 610
with respect to maximum S/N ratio and minimum oxide for-
mation (ThO™/Th* counts ratio 0.2 %, U"/Th™ counts ratio
1.1 %). The LA-ICP-MS measurements used a single-hole
drilling mode for 60 s for each spot. Laser ablation was per-
formed with a laser spot diameter of 65 pm, laser fluency of
8 J- cm? and repetition rate of 10 Hz.

Results

Physical properties, chemical composition and spectroscopic
characteristics of sapphires

Sapphires from all localities are dark blue to light blue with
vitreous to diamond lustre and no visible pleochroic colour
change. Sapphires from the Zdahradné quarry occur in the
form of tabular euhedral crystals up to 2.0 mm in size, which
are composed of a pair of hexagonal faces developed parallel
to each other and six faces perpendicular to the Z axis of
hexagonal plates. These faces correspond to basal pinacoidal
{0001} and hexagonal prismatic {1010} faces. Locally tri-
angle-shaped lamellar patterns are visible along the c axis
(Fig. 2a,b). Sapphire from the HuboSovce quarry xenoliths
forms anhedral to subhedral crystals up to 1.5 mm in size,
which show a more complexly developed habit consisting of
two hexagonal faces grown parallel to each other, which
correspond to basal pinacoidal {0001} faces connected with
hexagonal dipyramids {#h2h/} and rhombohedral {1011}
faces (Fig. 2c¢) forming accumulations of isolated crystals
(Fig. 2d). Corundum from the Vechec quarry cordierite-bea-
ring xenoliths occurs in the form of tabular subhedral crystals
up to 1 mm in size. The scarcity of macroscopically identified
sapphires allows us to identify only basal pinacoidal {0001}
faces (Fig. 2e) with triangular-shaped figures on crystal faces,
one smaller crystal (up to 0.3 mm in size) rarely shows more
complex crystal habits (Fig. 2f).

Quantitative chemical analyses show that the sapphires
from the Zéahradné quarry have a typical composition of
98.12-99.60 wt. % AlLO, with increased contents of FeO
(up to 0.40 wt. %) TiO, (up to 0.22 wt. %) and Cr,O, (up to
0.07 wt. %). Sapphires from the HuboSovce quarry are com-
posed of 98.45-99.39 wt. % Al O, with increased contents of
FeO (up to 0.33 wt. %), TiO, (up to 0.41 wt. %) and Cr,O, (up
to 0.10 wt. %). Similarly, sapphires from the Vechec quarry
reflect a stable chemical composition with 98.34-99.07 wt. %
AlLO, and increased FeO (up to 0.38 wt. %), TiO, (up to
0.29 wt. %) and Cr,0O, (up to 0.11 wt. %) contents. Other com-
ponents examined by WDS analyses (V,0;, NiO and ZnO) are
present only in minor concentrations (Table 1).

LA-ICP-MS analyses of sapphires confirm a higher average
concentration of Fe (~2800 ppm) analysed in the range 2166—
4687 ppm from Zahradné, slightly lower average concentra-
tion of Fe (average ~2500 ppm) identified in the range
1857-3051 ppm from Vechec and the lowest average concen-
tration of Fe (~2300 ppm) in the range 1934-2666 ppm from
Hubosovce. The highest concentration of Ti was observed in
sapphires from HuboSovce (average ~2700 ppm) compared to
those from Zahradné and Vechec (average ~1000 ppm Ti).
All localities show increased contents of Cr (max ~750 ppm),
V (max ~390 ppm) and Mg (max ~370 ppm). Ca, Na and K are
present at ~100 ppm; higher concentration may be caused by
plagioclase inclusions. The highest concentration of Ga was
identified in samples from HuboSovce (up to 132 ppm); lower
values in the range of 55-97 ppm were in Zéhradné and
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Table 1: Quantitative chemical microanalyses (in wt. %) of corundum from Zahradné, HuboSovce and Vechec.

Locality Analysis Al O, FeO Cr,0, V,0, TiO, NiO ZnO Total
ZA-10 1 98.78 0.29 0.03 0.00 0.20 0.03 0.00 99.32

ZA-10 2 99.11 0.15 0.04 0.00 0.13 0.00 0.00 99.44

ZA-10 3 98.66 0.35 0.06 0.03 0.00 0.00 0.02 99.13

ZA-10 4 98.12 0.34 0.04 0.00 0.22 0.00 0.00 98.72

ZA-10 5 99.13 0.25 0.03 0.02 0.00 0.00 0.00 99.43

Zahradné -

ZA-10_6 99.11 0.24 0.06 0.00 0.13 0.02 0.00 99.55

ZA-10 7 98.42 0.31 0.07 0.00 0.09 0.00 0.04 98.93

ZA-10 8 99.11 0.25 0.06 0.00 0.04 0.00 0.00 99.46
ZA-10 9 99.60 0.32 0.02 0.00 0.12 0.00 0.00 100.06

ZA-10 10 99.08 0.40 0.07 0.00 0.17 0.00 0.00 99.72

HU-1 1 99.08 0.18 0.10 0.00 0.05 0.00 0.00 99.41

HU-1 2 99.09 0.24 0.05 0.02 0.28 0.02 0.00 99.70

HU-1 3 99.39 0.24 0.05 0.00 0.32 0.00 0.00 99.99

HU-1 4 99.27 0.33 0.02 0.00 0.22 0.00 0.02 99.86

HU-1 5 99.20 0.25 0.05 0.02 0.12 0.00 0.00 99.64

Hubosovce -

HU-1_6 99.08 0.32 0.03 0.03 0.37 0.03 0.00 99.86

HU-1 7 98.70 0.31 0.00 0.00 0.19 0.00 0.02 99.21

HU-1_8 99.02 0.21 0.00 0.00 0.41 0.00 0.03 99.67

HU-1 9 98.91 0.27 0.00 0.00 0.22 0.00 0.00 99.39

HU-1_10 98.45 0.33 0.02 0.00 0.28 0.00 0.00 99.09

VEK-1_1 98.34 0.23 0.05 0.04 0.10 0.02 0.00 98.77

VEK-1 2 98.59 0.25 0.09 0.05 0.09 0.01 0.06 99.14

VEK-1_3 98.71 0.34 0.08 0.04 0.16 0.00 0.06 99.38

VEK-1 4 98.82 0.26 0.05 0.06 0.00 0.01 0.00 99.20

VEK-1_5 98.53 0.25 0.11 0.02 0.29 0.00 0.00 99.21

VEK-1_6 98.71 0.26 0.08 0.02 0.11 0.00 0.00 99.17

Vechec VEK-1 7 98.64 0.22 0.06 0.02 0.09 0.00 0.02 99.05
VEK-1 8 98.65 0.19 0.10 0.01 0.04 0.03 0.00 99.02

VEK-1 9 99.07 0.37 0.05 0.05 0.09 0.02 0.00 99.65

VEK-1 10 99.00 0.38 0.08 0.02 0.00 0.02 0.00 99.49

VEK-1_11 98.44 0.28 0.05 0.02 0.08 0.00 0.02 98.88

VEK-1_12 98.84 0.32 0.05 0.03 0.12 0.00 0.03 99.39

VEK-1 13 98.72 0.26 0.04 0.00 0.11 0.00 0.00 99.14

Vechec samples. Boron maintains stable values on average
~40 ppm. The average ~REE is ~1.5 ppm, higher observed
values (above 11.5 ppm) are possibly caused by inclusions of
REE-rich minerals (Table 2). The concentrations of other ele-
ments are close (Mn, Zn, Ba, Ge, Li, Zr, As, Th, U) or bellow
detection limit (Ni, Co, Pb, Cu, Rb, Sr, Nb, Cs and W) of
LA-ICP-MS. Concentrations of Y+REE (La, Ce, Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf and Ta) are shown in
Supplementary Table S1.

The Raman spectra of corundum from all localities are
given in Fig. 3a. The main bands observed are (in wavenum-
bers) 382, 385, 419, 450, 476, 648, 650, 706, and 710 cm .
The strongest band is at 419 cm™.

Mineralogy of the corundum-bearing xenoliths

Sapphire from Zahradné and HuboSovce occurs in mica-
ceous metamorphic xenoliths, which are built mostly of biotite
(annite—phlogopite series), quartz, K-feldspar and plagioclase.
Minor orthopyroxene, hercynite, ilmenite, Ti-rich magnetite
and accessory minerals such as fluorapatite, monazite-(Ce)
and zircon were also observed. On the other hand, sapphire
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from Vechec occurs mainly in cordierite-bearing xenoliths
associated with plagioclase, sillimanite and hercynite with
ilmenite inclusions. Under BSE, all minerals except clino-
pyroxenes do not show chemical zoning and contain mineral
inclusion such as monazite-(Ce) and zircon (Fig. 4a—f).
The average chemical composition of studied minerals is shown
in Table 3, and quantitative chemical analyses with corres-
ponding formulae are shown in Supplementary Table S2a—g.
Corundum-bearing xenoliths from the Zdahradné quarry
dominantly contain biotite, K-feldspar, plagioclase and hercy-
nite with corundum crystal embedded in plagioclase-rich parts.
Biotite (Fig. 5a) is characteristic of the Mg (1.19-1.46 apfu)
and Fe (1.08-1.43 apfu) content in approximately the same
values at the M position. The atomic Mg/(Mg+Fe) is in the
range 0.45-0.57 (Table 3, Suppl. Table S2), classifying micas
as annite and phlogopite end-members. The / site is domi-
nantly composed of K (0.83—0.91 apfur) with minor Na, Ca, Ba
and vacancy. Ti content reaches maximum values of 0.28 apfu
(Table 3, Suppl. Table S2). Two types of feldspars were iden-
tified (Fig. 5b), dominant presence of K-feldspar with average
composition of Or,,Ab, An, and plagioclase with dominant
albite component and average composition of Aby,An, Or,,
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Y+La+Ce+Pr+Nd+Sm+Eu+Gd+Tb+Dy+Ho+Er+Tm+Yb+Lu+Hf+Ta

LA-ICP-MS analyses of sapphire (in ppm) from the studied localities, AL,O; and SiO, in wt. %, XREE*

from Suppl. Table S1, symbol < means bellow detection limit.

Table 2
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locally enriched in Sr (up to 0.26
wt. % SrO; Table 4, Suppl. Table S2)
In the xenolith matrix, hercynite
anhedral, subhedral to euhedral
crystals in size up to 0.3 mm were
identified. Hercynite is composed
dominantly by Fe*" (up to 0.76 apfu)
with minor Mg (up to 0.27 apfit), Mn
and Zn in the 4°* position. The B¥*
position is mostly occupied by Al
(1.73-1.93 apfu) with minor content
of Fe** (up to 0.25 apfu; Table 3,
Suppl. Table S2). Hercynite crystals
contain small (1-3 pm) inclusions of
fluorapatite, monazite-(Ce) and zircon
identified by EDS. Hercynite crystals
are rarely overgrown by K-feldspar
and biotite, often chloritized along
the edges.

Corundum-bearing xenoliths from
the HuboSovce quarry dominantly
contain biotite, K-feldspar, plagioclase
and hercynite with corundum crystals
embedded in fine-grained biotite- and
plagioclase-rich parts. Biotite (Fig. 5a)
contains an increased content of Mg
(1.69-1.87 apfir) and relatively stable
content of Fe (0.98-1.14 apfu) in the
M position. The atomic Mg/(Mg+Fe)
is in the range 0.60-0.65 (Table 3,
Suppl. Table S2) as phlogopite end-
member prevails. The 7 site is domi-
nantly composed of K (0.86—0.89 apfir)
with minor Na, Ca, Ba and vacancy,
whereas Ti content reaches maximum
values of 0.19 apfu (Table 3, Suppl.
Table S2). Three types of feldspars
were identified (Fig. 5b), with the domi-
nant presence of euhedral to anhedral
plagioclase crystals, which occur in
the xenolith matrix. They have varia-
ble chemical compositions correspon-
ding to average formulae Ab;An, Or;
and AngAb,Or, for albite-dominant
plagioclase and to Or,,Ab, An, for
K-feldspar (Table 4, Suppl. Table S2).
Less abundant are subhedral porphy-
roblasts of zonal orthopyroxenes (up to
1 cm in size) in xenolith. Central parts
are composed of enstatite (Eny, s,)
and continuously transit to ferrosilite
(Fsy,_,4) along the rim of the crystals.
Wollastonite molecule is present in
minimal values up to 2 mol. %.
Corundum crystals from HuboSovce
are overgrown by a thin, in BSE
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Fig. 3. Raman spectra of: A — Corundum from all studied localities
in the range 100-1000 cm™. B — Sillimanite from the Vechec in
the range 100-1200 cm™".

imaging light grey layer formed by hercynite. Chemically,
hercynite is composed of Fe** (up to 0.73 apfit) with minor Mg
(up to 0.27 apfu) in the A’ position, whereas the B>* position
is mostly occupied by Al (up to 1.95 apfu) with very low con-
tent of Fe** (up to 0.07 apfu). Xenoliths are rich in 0.1 mm
crystals of accessory ilmenite and Ti-rich magnetite with the
content of Ti reaching up to 0.30 apfir and minor Mn and Mg
content (up to 0.01 apfu; Table 3, Suppl. Table S2). In addi-
tion, small (1-3 pum) accessory grains of monazite-(Ce) and
zircon were identified by EDS analysis.

Xenoliths with corundum from the Vechec quarry domi-
nantly consist of cordierite, plagioclase and sillimanite with
minor hercynite and ilmenite inclusions, where corundum is
embedded mostly in plagioclase-rich parts. Cordierite macro-
scopically forms dark blue to purple barrel-shaped crystals
(Fig. 2e). Cordierite is chemically homogeneous with domi-
nant Mg content in the range 1.00-1.22 apfu and minor Fe
content (0.80—1.00 apfu) with increased K (up to 0.15 apfir)
and Na (up to 0.05 apfis, the atomic Mg/(Mg+Fe) is in the
range 0.50-0.61 (Table 3, Suppl. Table S2). Plagioclase domi-
nantly occurs with an average chemical composition corres-
ponding to Ab,,An,Or,, (Table 4, Suppl. Table S2; Fig. 2b).
Needle-like crystals of sillimanite with size up to 1 mm
were observed as an abundant admixture in plagioclase and
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cordierite grains with a chemical composition close to ideal
end-member formula, only slightly increased content of Fe
(up to 0.04 apfi) was observed. The presence of sillimanite
was confirmed by Raman spectroscopy (Fig. 3b). Accessory
ilmenite is dominantly composed of ilmenite molecule (up to
93.70 mol. %) with minor geikielite (up to 5.46 mol. %) and
pyrophanite (up to mol. 1.94 %) component and slightly
higher content of V (up to 0.04 apfi). The composition of
hercynite is characterised by dominant Fe*" (up to 0.76 apfu/)
with minor Mg (up to 0.25 apfur) in the A4’ position. The B3*
position is mostly occupied by Al (up to 1.96 apfir) with very
low content of Fe** (up to 0.04 apfit; Table 3, Suppl. Table S2).
Abundant hercynite and ilmenite inclusions cause black colour
of some xenolith parts (Fig. 2e, f).

Discussion and conclusions
Raman spectroscopy of sapphire

The blue colour of sapphires is caused by the presence of
chromophore elements Fe and Ti in the crystal lattice (Simonet
et al. 2008), supported by contents of these elements con-
firmed by EPMA-WDS (Table 1) and LA-ICP-MP analyses
(Table 2). Raman spectroscopy of sapphire has been studied
by multiple authors, who identified two A, and five E, Raman
active phonon modes at or close to 378, 418, 431, 450, 578,
645 and 750 cm ™! (e.g., Ashkin et al. 1968; Watson et al. 1981;
Zouboulis et al. 1998). The strongest bands at 419 cm™ A,
mode and 384 ¢cm™ E, mode are displacements caused by
internal structural deformation (Zhao et al. 2021). These are
characteristic bands of corundum. The shift of the A, mode at
650 cm™' was also determined. Other E, modes are assigned to
the internal and external (rotations or translations) Al,O; crys-
tal vibrations (Porto & Krishnan 1967). Other minor bands
identified by Raman analyses may be assigned to the mineral
inclusions.

Genesis of sapphire and corundum-bearing xenoliths

The most widespread and generally established way of
interpreting corundum genesis is based on the content of trace
elements such as Fe, Ti, Cr, Ga and Mg and their ratios
observed by LA-ICP-MS. These elements are used to discuss
the magmatic versus metamorphic origin of sapphire in corun-
dum-bearing xenoliths from studied localities Zahradné,
Hubosovce and Vechec. Magmatic sapphire from alkali basalts
shows increased content of Fe (2000—11000 ppm) and Ga
(>140 ppm) with decreased contents of Cr (<40 ppm) and Mg
(<20 ppm) compared to those of metamorphic origin with low
Fe (<3000 ppm) and Ga (<75 ppm) contents and higher Mg
(>60 ppm) content (Peucat et al. 2007). These geochemical
characteristics reflect crystallization of sapphire in Mg-low
and Ga-rich melts produced by aluminous alkaline magmas
versus interaction of metamorphic aluminous layers with
Mg-rich components via fluid circulation.
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The studied sapphire from xenoliths at the Zahradné and
HuboSovce localities occur in biotite and feldspathic lithology,
whereas Vechec sapphire-bearing xenoliths are represented
by cordierite with sillimanite, spinel and minor biotite

assemblage. The content of trace elements in sapphire from all
investigated occurrences is relatively similar, with increased
content of Cr (~160-780 ppm), Ga (~60-130 ppm) and
Mg (~80-330 ppm) indicating rather metamorphic origin.

Fig. 4. BSE images of corundum-bearing xenolith from Zahradné (A, B), HuboSovce (C, D) and Vechec (E, F): A — Tabular corundum crystals
in biotite-Kfs matrix with small inclusions of monazite-(Ce) and anhedral crystals of hercynite. B— Hercynite subhedral crystal with monazite-
(Ce) and zircon inclusions in association with corundum in biotite-Kfs matrix. C — Corundum subhedral crystals overgrown by thin hercynite
layer in xenolith matrix. D — Zonal enstatite-ferosilite crystal in biotite-plagioclase matrix in association with corundum. E — Tabular corun-
dum crystals in plagioclase-cordierite matrix with abundant hercynite and ilmenite inclusions and fine sillimanite crystals. F — Corundum
crystal in plagioclase matrix with abundant hercynite and ilmenite inclusions. Photo by T. Mikus.
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Table 3: Average chemical composition (in wt. %) and corresponding
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calculated empirical formulae of biotite, pyroxene, spinel, ilmenite,

cordierite and sillimanite from corundum-bearing xenoliths from Zahradné, Hubosovce and Vechec.

Locality Zaihradné HuboSovce Vechec

Mineral Biotite Hercynite | Biotite  Enstatite Ferosilite Magnetite Ilmenite Hercynite |Cordierite Sillimanite Hercynite Ilmenite
hamberof | 20 1 20 6 15 3 8 1 10 8 9 7
SiO, 34.35 0.00 39.35 49.19 48.71 0.04 0.00 0.01 47.09 34.99 0.03 0.05
TiO, 4.18 0.13 3.04 0.16 0.09 9.84 52.67 0.21 0.05 0.37 0.32 53.71
AL O, 17.82 54.39 11.58 3.13 1.60 2.06 0.04 58.61 33.60 63.81 58.76 0.13
Cr,0, 0.04 0.15 0.06 0.11 0.08 0.58 0.13 0.16 0.00 0.03 0.08 0.13
V,0, 0.00 0.08 0.00 0.15 0.08 1.02 0.39 0.17 0.00 0.01 0.19 0.91
Fe,O, - 7.39 - 0.00 0.00 44.99 - 2.55 - - 1.48 -
FeO 19.53 30.54 16.80 28.21 34.13 39.26 48.07 30.53 10.17 0.58 32.00 45.08
MnO 0.16 0.52 0.13 0.48 0.91 0.33 0.72 0.19 0.28 0.01 0.41 0.88
MgO 11.86 5.93 16.16 16.63 12.84 0.09 0.38 6.39 7.21 0.05 5.61 1.31
NiO - 0.04 - 0.05 0.02 0.05 0.01 0.08 0.01 0.00 0.12 0.03
ZnO - 0.34 - 0.00 0.00 0.30 0.04 0.89 0.02 0.01 0.35 0.05
CaO 0.03 - 0.04 0.55 0.43 - - - 0.00 0.00 0.00 0.00
BaO 0.30 - 0.11 0.00 0.00 - - - - - - -
Na,O 0.40 0.00 0.59 0.00 0.01 - - 0.00 0.07 0.08 0.00 0.00
K,0 9.32 - 9.32 0.00 0.00 - - - 0.28 0.02 0.00 0.00
H,0* 396 - 2.85 - - - - - - - - -
F 0.00 - 2.30 - - - - - - - - -
Cl 0.22 - 0.42 - - - - - - - - -
—O=F 0.00 - -0.97 - - - - - - - - -
—0=Cl —0.05 - —0.09 - - - - - - - - -
Total 102.104 99.50 101.68 98.66 98.90 98.55 102.46 99.78 98.79 99.97 99.36 102.29
Si** 2.568 0.000 2911 1.914 1.952 0.001 0.000 0.000 4.887 0.950 0.001 0.001
AP 1.570 0.003 1.010 0.143 0.075 0.283 0.972 0.004 0.004 0.008 0.007 0.986
Ti** 0.235 1.830 0.169 0.005 0.003 0.093 0.001 1.930 4.111 2.043 1.947 0.004
Cr* 0.002 0.003 0.003 0.003 0.003 0.017 0.003 0.004 0.000 0.001 0.002 0.003
V3 0.000 0.002 0.000 0.005 0.002 0.031 0.008 0.004 0.000 0.000 0.004 0.018
Fe?* - 0.159 - 0.012 0.011 1.294 - 0.054 - - 0.031 -
Fe?* 1.221 0.730 1.040 0.913 1.139 1.254 0.987 0.713 0.883 0.013 0.752 0.921
Mn?* 0.010 0.013 0.008 0.016 0.031 0.011 0.015 0.004 0.025 0.000 0.010 0.018
Mg* 1.321 0.252 1.782 0.965 0.764 0.005 0.014 0.266 1.115 0.002 0.235 0.048
Ni?* - 0.001 - 0.002 0.001 0.002 0.000 0.002 0.001 0.000 0.003 0.001
Zn** - 0.007 - - - 0.008 0.001 0.018 0.001 0.000 0.007 0.001
Ba®* 0.009 - 0.003 0.000 0.000 - - - - - - -
Ca* 0.002 - 0.003 0.023 0.018 - - - 0.000 0.000 0.000 0.000
Na* 0.058 0.000 0.085 0.000 0.001 - - 0.000 0.015 0.004 0.000 0.000
K* 0.889 - 0.880 0.000 0.000 - - - 0.038 0.001 0.000 0.000
F 0.000 - 0.539 - - - - - - - - -
Cr 0.028 - 0.052 - - - - - - - - -
OH" 1.972 - 1.409 - - - - - - - - -
Cat. Sum 7.885 3.000 7.895 4.000 4.000 3.000 2.000 3.000 11.080 2.072 3.000 2.000

Chemical formula of biotite was calculated on the basis of 11 oxygen atoms (apfit). Symbol * represents calculation of H,O from (OH)". Chemical formula of
cordierite was calculated on the basis of 18 oxygen atoms (apfit) and sillimanite on the basis of 5 oxygen atoms (apfir). Chemical formulae of hercynite and
Ti-magnetite were calculated on the basis of 3 cations, ilmenite on the basis 2 cations (apfit), pyroxene on the basis 4 cations (apfu).

The content of Fe is generally low (~1900-3000 ppm) with
a locally slightly increased concentration (up to 4700 ppm)
probably caused by hercynite, magnetite and/or ilmenite inclu-
sions. Inclusions of other minerals are indicated by increased
content of SiO, (up to 2.91 wt. %) and Na (~700, ~1300
and ~1800 ppm), Ca (~600 ppm), K (~900 and ~700 ppm) and
Ba (~180 and ~200 ppm) in three analyses, however all sap-
phires show slightly increased Si (0.43—1.85 wt.%), Na (~30—
210 ppm), Ca (~20-90 ppm) and K (~10-300 ppm) contents.
REE-rich minerals are indicated by a dramatically increased
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content of REE in one analysis from the Zahradné, where
YREE reaches ~145 ppm in contrast with a relatively small
content of REE in other analyses (Table 2, Suppl. Table S2),
possibly as the result of unidentified nano-inclusion(s) of
REE-rich minerals (monazite, xenotime, etc.)

The metamorphic trend of sapphire from all corundum-
bearing xenoliths is confirmed by classification diagrams
defined by Sutherland et al. (2009) and Peucat et al. (2007).
The Fe-Mg*100-Ti*10 triangular diagram (Fig. 6a) shows
the nearly linear trend of sapphires out of the magmatic trend.
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Fig. 5. Classification diagrams for micas (A) and feldspars (B) from the corundum-bearing xenoliths from Zahradné, HuboSovce and Vechec.

Table 4: Average chemical composition (in wt. %) and corresponding calculated empirical formulae of plagioclase and K-feldspars from
corundum-bearing xenoliths from Zahradné, Hubosovce and Vechec.

Locality Zahradné HuboSovce Vechec
Mineral Albite Orthoclase Albite Anorthite Orthoclase Albite
Number of analyses 4 16 7 14 9 10
P,O; 0.06 0.31 0.05 0.02 0.01 0.06
Sio, 57.99 64.97 61.13 52.59 65.13 60.22
TiO, 0.05 0.04 0.02 0.03 0.02 0.08
ALO, 26.81 19.25 24.03 30.63 18.61 24.15
Fe, 0, 0.30 0.34 0.16 0.15 0.09 0.16
MnO 0.01 0.02 0.02 0.02 0.01 0.02
MgO 0.02 0.00 0.01 0.01 0.00 0.01
BaO 0.01 0.12 0.11 0.00 0.24 0.38
SrO 0.23 0.06 0.08 0.08 0.07 0.13
CaO 8.28 0.26 5.99 12.79 0.29 5.30
Na,O 6.77 2.39 7.93 4.13 2.41 6.66
K,O 0.15 13.43 0.84 0.17 13.21 2.49
Total 100.67 101.20 100.37 100.63 100.07 99.65
pst 0.002 0.012 0.002 0.001 0.000 0.002
Si** 2.583 2.948 2.720 2.370 2.986 2.713
Ti** 0.002 0.001 0.001 0.001 0.001 0.003
APt 1.407 1.029 1.260 1.627 1.005 1.283
Fe** 0.010 0.012 0.005 0.005 0.003 0.006
Sum 7' 4.004 4.001 3.987 4.004 3.995 4.007
Mn** 0.000 0.001 0.001 0.001 0.000 0.001
Mg** 0.001 0.000 0.001 0.001 0.000 0.000
Ba* 0.000 0.002 0.002 0.000 0.004 0.007
Sr?* 0.006 0.002 0.002 0.002 0.002 0.003
Ca* 0.395 0.013 0.286 0.618 0.014 0.256
Na* 0.585 0.211 0.684 0.361 0.214 0.582
K* 0.008 0.777 0.048 0.010 0.773 0.143
Sum M 0.996 1.005 1.023 0.993 1.007 0.992
NaAlSi,O (Ab) 59 21 67 36 21 59
CaAlLSi,Oq4 (An) 40 1 28 63 1 26
KAISi,Oq (Or) 1 78 5 1 77 14

Chemical formulae of plagioclase and K-feldspars were calculated on the basis of 8 O atoms (apfit)
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Fig. 6. Discrimination diagrams for metamorphic versus magmatic origin of corundum from Zahradné, Hubosovce and Vechec. All values
are in ppm. A — Fe-Mg*100-Ti*10; B — Cr*10-Fe-Ga*100; C — Ga/Mg vs. Fe; D — Fe/Ti vs. Cr/Ga (modified after Sutherland et al.

2009 and Peucat et al. 2007).

The similar linear trend may be observed in the Cr*10-Fe—
Ga*100 triangular diagram (Fig. 6b) where all sapphire samples
fall to the discrimination field of metamorphic origin although
with a closer trend towards magmatic origin compared to
Fig. 6a. The same trend may be observed in binary diagrams
created based on element concentrations and ratios, where
the Ga/Mg versus Fe diagram (Fig. 6¢) and the Fe/Ti versus
Cr/Ga diagram (Fig. 6d) show the metamorphic origin of all
studied corundum samples.

The formation of sapphire is caused by the existence of
precursor aluminous minerals in Al-enriched zones of meta-
sediments depleted in silica (Giuliani et al. 2014). Incorpo-
ration of these precursor sedimentary rocks into the magmatic
reservoir caused their thermal overprint, indicated by signi-
ficant increase of Ti (~ 0.2 apfir) in biotite as suggested by
Henry et al. (2005); Ti content in biotite achieves 0.19—
0.28 apfu Ti in Zahradné and slightly lower content in
Hubosovce (0.14-0.19 apfu Ti; Table 3, Suppl. Table S2).
Experimental synthesis of metapelites (Icenhower & London
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1995) at the 200 MPa and H,O-saturated system proved biotite
stability in temperature interval 600—750 °C, with its progres-
sive reaction to hercynite at the upper limits of the temperature
range. These experiments showed corundum and orthoclase-
rich feldspar originated from muscovite precursor represen-
ting primarily metamorphosed pelitic component at 650 °C
with strong incorporation of Fe and Ti into the corundum
crystals at above 700 °C. Increased content of boron (~10—
110 ppm) and lithium (up to ~20 ppm) determined by
LA-ICP-MS (Table 2) in sapphires supports this genetic
assumption, and it is interpreted as a residual component
embedded from possible mica precursor. Recently, white
micas have been considered to be an important source of
boron in subducted metasedimentary rocks (Guo et al. 2022).

Formation of ilmenite and Ti-rich magnetite in studied
xenoliths resulted from high-temperature oxidation associated
with melting and dehydration of micas (e.g., Grapes 1986;
Johnson & Plank 1999; Sola et al. 2017). Furthermore, in
association with sillimanite, amphibolite- to medium-pressure
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granulite facies with metamorphic conditions corresponding
to >300 MPa and 500-800 °C are important to meet the ther-
mobaric conditions required for corundum crystallization
(Simonet et al. 2008; Johnson et al. 2011). Increased content
of anorthite molecule in plagioclase (Table 3, Suppl. Table S2)
represents residuals after partial fractional melting of feldspars
in precursor rocks caused by preferential dissolution of
NaAlSi;O4 component in the initial plagioclase melts (Grapes
1986; Li et al. 2020). Partial melting of metapelitic xenoliths
caused by biotite dehydration and concurrent melting causes
simultaneous growth of cordierite, orthopyroxenes and spinel
(Braun & Kriegsman 2001).

Sapphire crystals from the HuboSovce exhibit spinel coro-
nal textures (Fig. 4c), which are typically developed from the
destabilization of corundum during the retrograde develop-
ment, as observed at Ambatomena ruby metamorphic occur-
rence in Madagascar (Giuliani et al. 2014).

It is considered that biotite-rich xenoliths from the Slanské
vrchy Mts. Originated from the Cierna hora crystalline com-
plex underlying Tertiary volcanic and sedimentary cover rocks
(Kosuth 2005). The formation of cordierite-rich xenoliths
probably originated from the assimilation of Al-rich argilla-
ceous rocks, which obliterates the metamorphic impact of
crust metapelites (Kosuth 2006) and by subsequent crystalli-
zation of Al-Fe-Mg(Ti)-enriched melt in the inner aureole of
the magma chamber (Marcinc¢akova & Kosuth 2011). Presence
of sillimanite and corundum crystals in cordierite-rich xeno-
liths show preserved characteristic trace elements composition
and paragenesis of metamorphic origin.

Comparison with corundum-bearing localities in the Western
Carpathian region

The studied sapphires in corundum-bearing xenoliths from
the Zahradné, HuboSovce and Vechec show metamorphic
trend based on their geochemical data and minerals associa-
tion. For comparison, different geochemical and genetic trends
were detected in sapphires from the Cerova vrchovina Mts.
Sapphires from Gortva and mostly from Hajnacka were gene-
rated during the solidification from fractionated melt in the
upper mantle or lower crust and subsequently transported to
the surface in the form of syenite/anorthoclasite xenoliths
(Uher et al. 2012). A closer genetic scenario compared to our
localities is assumed for pink sapphires from Hajnacka, where
their composition suggests metamorphic origin, developed
possibly from Paleozoic gneisses and migmatites of the
Veporic Superunit (Uher et al. 2012). Corundum exsolutions
were identified in xenoliths from the Cerova vrchovina Mts.,
which are interpreted as products of pyrometamorphic over-
print from plagioclase by surrounding basalts (Reato et al.
2022). Similarly, thermally overprinted sedimentary xenoliths
rich in plagioclase, biotite, sillimanite and acicular crystals
of corundum from boreholes in the Javorie volcanic zone
were interpreted as products of contact metamorphosis of
pelitic sediments and diorite magma (Kollarova & Hrasko
2009).
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