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Neskoro magmaticky az subsolidovy T-fO, vyvoj spodnotriasovych ryolitov A- typu
(silicikum, Zapadné Karpaty, Slovensko): oxytermometria Fe-Ti oxidov
a petrologické implikacie

Abstract: Iron-titanium oxides represent significant mineral phase (<1.5 vol. %) in the A-type rhyolites from the Silicic Supe-
runit, Western Carpathians, central Slovakia. They are composed of magnetite, ilmenite, and rutile showing typical lamellae
“trellis - sandwich” type texture as a result of oxy-exsolution of former Ti-rich magnetite. A composite type and complete
decomposition of primary Ti-rich magnetite to a very fine lamellae aggregate of hematite/rutile or to the progressive C4
stage of Fe-rich rutile/hematite occurs in lesser extent. The compositional data show significant miscibility along the ilmen-
ite—hematite join. The ulvospinel component in magnetite reaches up to 18 mol. %, while the rutile is more uniform and
close to end-member composition. However, in some cases rutile is enriched in Fe getting up to 5 wt. % FeO,,,, mainly with
coexisting ilmenite-hematite,,. Fe-Ti oxide geothermometry yields a relatively smooth evolutional T-trend ranging from
late-magmatic to subsolidus/solidus stages with equilibrium temperatures from ~750 to ~400 °C and fO, values approach-
ing the NiNiO buffer from -0.76 Alog fO, (~626 °C) to 1.53 Alog fO, (~655 °C). The presence of Ti-rich magnetite, Ti-poor
magnetite, ilmenite to hematite, and discrete rutile in rhyolitic magma point to a long termed process from orthomagmatic
to a low-temperature subsolidus/solidus stage showing a gradual decrease of oxygen fugacity. The Fe-Ti oxide investigation
indicates a relatively short-term storage of the Permian A-type silicic melt at shallow depths prior to eruption.

Key words: Western Carpathians, A-type rhyolite, oxygen fugacity, oxide thermometry, Fe-Ti oxides, magnetite, ilmenite

1.INTRODUCTION
Magnetite is the most common ferromagnetic iron-titanium (Fe-
Ti) oxide of the felsic rocks. It has cubic inverse spinel structure
and Fe cations occupying the tetrahedral and octahedral sites. Tet-
rahedral sites contain only Fe**, whereas octahedral sites contain
bothiron valences but with a dominance of Fe’*. In the octahedral
sites, the electrons can hop between Fe** and Fe*" ions at room
temperature, rendering magnetite an important half-metallic
material. Magnetite octahedral sites can easily incorporate Tj,
forming Ti-rich magnetite (“titanomagnetite”) or compositional
transition between magnetite (Fe,0,) and ulvospinel (Fe,TiO,)
which is a common early orthomagmatic mineral phase in some
silicic magmas. Besides magnetite and ulvéspinel, granitoid rocks
also contain solid Fe-Ti solutions between ilmenite and hematite,
known as titanohematites (e.g.,, Waychunas, 1991).
Pre-eruptive magmatic conditions (temperature, oxygen fu-
gacity, and magma chemistry) can be effectively estimated from
Fe-Ti oxide chemistry insilicic volcanic rocks (e.g., Carmichael,
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1967; Ewart et al., 1975; Powell & Powell, 1977; Spencer & Lind-
sley, 1981; Andersen & Lindsley, 198S; Frost, 1991a; Ghiorso
& Sack, 1991; Shane, 1998; Zhu et al., 2002; Saito et al., 2004;
Hammer, 2006; Ryabchikov & Kogarko, 2006; Shane et al.,
2007; Ghiorso & Evans, 2008). The Fe-Ti petrology applied in
volcanic rocks provides information on character of the meltin
the storage chamber prior to eruption. Other possibility how to
estimate temperature during evolution of volcanic rocks include
also saturation thermometers based on REE, Zr, and P solubility
in zircon and monazite (e.g.,, Watson & Harrison, 1983; Montel,
1993). In the Western Carpathians, the Fe-Ti petrology has
been applied in the Cenozoic granites (Sulgan, 1986), Pliocene
basalts (Hurai etal., 1998), on pincinite rocks derived from deep-
crustal, high-temperature anatexites (Huraiové etal., 2005) and
inI-type granitoids (Broska et al.,, 2007; Broska & Petrik, 2011).

The aim of this study is to contribute to the evolution of Lower
Triassic A-type rhyolites from the Silicic Superunit in the Western
Carpathians by investigation of Fe-Ti oxide minerals, including
the T-fO, estimation. The composition of abundant Fe-Ti oxides



52

coupled with the application of geothermometry and oxygen ba-
rometry shed new light upon pre-eruptive magmatic conditions
in the storage chamber of Permian rhyolites. The late- magmatic
to subsolidus alteration of the rhyolites were also inspected.

2. GEOLOGICAL SETTINGS

The A-type rhyolites form lava flows or ignimbrite layers in the
Lower Triassic siliciclastic and carbonate sequences of the Muran
and Drienok nappes (Silicic Superunit in the Inner Western Car-
pathians) (Uher etal., 2002). The Silicic Superunit represents the
tectonically uppermost Alpine nappe structures in the Western
Carpathians and overlies the Veporic, Hronic, Gemeric, Meliatic,
and Turnaic superunits. The Upper Permian to Upper Jurassic
sedimentary sequences which are facially analogous to the Sch-
neeberg and Miirzalpe nappes of the Juvavic Unit of the Northern
Calcareous Alps is part of rock succession (Mello et al., 1997).
The lower part of the Silicic Superunit belonging to the Werfen
Formation is a sequence of continental to shallow marine shales
to sandstones sediments (up to 500 m in thickness) containing
also limestones and siliciclastic admixture from the Early Triassic
age. The studied rhyolites form small bodies in the Lower Triassic
sandstones and the shales of the Bédvaszilas beds (Vojtko, 2000).

The A-type rhyolitic rocks show common features of acid
volcanics. The texture is porphyric with grano-lepidoblastic
and in some parts a microfelsic groundmass. Fluidal texture
also occurs in some places. Phenocrysts, 2-4 mm in size, are
represented by corroded bipyramidal -quartz and euhedral
alkali feldspars, but these are commonly replaced by chessboard
albite or fine-grained white mica aggregates (Uher et al., 2002).

The groundmass consists of a very fine-grained aggregate of
quartz, feldspar, white mica, hematite pigment, and occasionally
biotite, chlorite and accessory zircon, monazite-(Ce), xenotime-
(Y), rutile, ilmenite, magnetite, hematite, and barite (Uher et al,,
2002). Moreover, the rhyolite body at Tisovec-Rejkovo contains
aunique REE-Y~(Th)-P-As—(Si)-(Nb)—(S) accessory assem-
blage of REE arsenate — phosphate - silicates solid solutions, REE
carbonates and rarely cerianite-(Ce) — Ondrejka et al. (2007).

Geochronological study of Telgart-Gregové rhyolite, based
on EMP monazite dating suggests Middle/Upper Permian age
of parental rhyolitic volcanism in the range 0f 263 + 3.5 Ma
(Demko & Hragko, 2013) which is coincident with previous data
obtained for Poniky-Drienok (261 + 15 Ma) and Velk4-Stozka
(258 £ 12 Ma) rhyolitic bodies (Ondrejka, 2004).

Volcanic rocks of the Silicic Superunit are known in several
places (cf. Uher et al., 2002; Ondrejka, 2004; Ondrejka et al.,
2007; Demko & Hragko, 2013) but this paper is dealing with
occurrences only from the Vel'kd Stozka-Dudlavka (SD), Telgart-
Gregova (TEL), Tisovec-Rejkovo (TIS) and Poniky-Drienok
(PO) localities (Fig. 1).

3.METHODS AND CALCULATIONS

Fe-Ti oxides were studied in polished thin sections of the
rhyolites. Electron microprobe analyses and back scattered
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electronimaging (BSE) were obtained at the Slovak Geological
Survey in Bratislava (SGUDS), using the Cameca SX100, and
at Salzburg University using the JEOL — 8600 microprobes
operated in wavelength-dispersion mode. The analytical condi-
tions were as follows: accelerating voltage 15 kV, beam current
20 nA, and a beam diameter from 0.7 to 4 um. The following
standards and spectral lines were utilized: TiO, (Ti Ka), AL,O,
(AlKa), chromite (Cr Ka), hematite (Fe Ka), rhodonite (Mn
Ka), MgO (Mg Ka), metallic nickel (Ni Ka). The electron-
microprobe data were reduced by the PAP-procedure. Special
care was excercised to ensure that the analyses of the Fe-Ti
phases were not mixtures. However in some cases it cannot
be guaranteed, that a slight contamination of ilmenite by Fe**
originated from the neighbouring magnetite. This problem
was caused by the very small width of the analyzed ilmenite
lamellae (mostly <2 pm).

Equilibrium temperatures and oxygen fugacities were es-
timated via an interactive program (Ghiorso & Evans, 2008).
This new model forms the basis of a revised FeTi-oxide
geothermometer/oxygenbarometer, which is applied to a newly
compiled dataset of natural two oxide pairs from silicic volcanic
rocks (Ghiorso & Evans, 2008). The recalculation of Fe**/Fe** and
totals with corrected iron as in Carmichael (1967), the calculation
of molecular fractions using the four different models of Carmi-
chael (1967); Anderson (1968); Lindsley & Spencer (1982) and
Stormer (1983) was obtained by ILMAT software; the Magnetite-
Ilmenite Geothermobarometry Program (Lepage, 2003).

The UTHSCSA Image Tool version, 2.01 Alpha 4 was used to
generate digital images from the BSE pictures (e.g., Petrik etal,,
2003) and to calculate the ilmenite/magnetite area ratios. The
number of binary segments used varied between 10 and 15 for
each sample, depending on the suitability of the BSE images and
the appropriate Fe-Ti oxide textures (trellis-sandwich type). The
applied conditions have been defined by authors, and therefore
they should be considered with subjective cognition.

4. RESULTS

Iron-titanium oxides represented by magnetite with ilmenite,
rutile, and hematite exsolutions occur as irregular aggregates,
up to 0.5 mm in size with a coexisting accessory mineral assem-
blage of zircon, monazite-(Ce), and xenotime-(Y). Moreover,
gasparite-(Ce), chernovite-(Y), arsenian xenotime-(Y), and
arsenian thorite also occur in the rhyolite from Tisovec-Rejkovo
(Ondrejka et al., 2007).

Large Fe-Ti phenocrysts occur in the Tisovec rhyolite (up
to 1.5 vol. %), and in the rhyolite at the Telgart locality (up to
0.6 vol. %). The amount of the matrix or recrystallized former glass
is similar in both occurrences (up to 89.6 vol. %). The rhyolites
contain no biotite. The concentrations of K-feldspar vary from
0.5to 6.5 vol. % in the Tisovec and Telgartlocalities, respectively.

A broad survey of the Fe-Ti oxide textures and assemblages
commonly encountered in the A-type rhyolites of the Silicic
Superunit are shown in Fig. 2. Most of these depict a typical
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Fig. 1: Schematic map of Slovakia with the position of the Silicic Superunit (grey) and approxi-
mate positions of Lower Triassic volcanics: 1 - Tisovec-Rejkovo; 2 - Vel’ka Stozka-Dudlavka
(detailed geological map after Klinec, 1976); 3 - Telgart-Gregova (detailed geological map after
Klinec, 1976); 4 - Poniky-Drienok. For further details of locality 1 and 4 see Uher et al. (2002)
and Ondrejka et al. (2007).

Obr. 1: Schematickd mapa Slovenska s poziciou tektonickej jednotky silicika ($ed4)

a pribliznou poziciou spodnotriasovych vulkanitov: 1 - Tisovec-Rejkovo; 2 - Velka
Stozka-Dudlavka (detailn4 geologickd mapa podla Klinca, 1976); 3 - Telgart-Gregova
(detailna geologickd mapa podla Klinca, 1976); 4 - Poniky-Drienok. Pre detailnejsie
inform4cie o lokalitich 1 a 4 pozri Uher et al. (2002) a Ondrejka et al. (2007).
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Fig. 2. Back scattered electron

images (BSE) of iron-titanium ox-

ides from the A-type rhyolites in

the Silicic Superunit. A: Deuteric

oxidation “oxyexsolution” of

primary Ti-rich magnetite (sand-

wich type). Thin ilmenite (Ilm)

and thick rutile (Rt) “sandwich”

laths with uniform sides and with

secondary and tertiary trellis sets

along {111} spinel planes in the

host magnetite (Mt). Zircon (Zrn)

is the most abundant accessory

mineral enclosed in Fe-Ti oxides.

The outer rim is represented by

hematite (Hem). Sample TEL-3:

Telgart-Gregova. B: The progres-

sive decomposition (C4 (?) stage)

of primary Ti-rich magnetite to

ferrian rutile (Rt) and Ti-rich he-

matite (Ti-Hem) trellis lamellae

with a secondary hematite vein

(Hem) and enclosed zircon (Zrn).

Sample TIS-1: Tisovec-Rejkovo.

C: Very fine trellis of ilmenite/

magnetite (Ilm/Mt) lamellae with

rutile inclusions (Rt) in the Tirich

central part of the grain enclosed

in hematite (Hem). Sample SD-1:

Velka Stozka-Dudlavka. D: Fine

trellis of magnetite/ilmenite (Mt/

1lm) lamellae, most likely due

to the very rapid oxidation of

primary titanomagnetite with

an external composite inclu-

sion of ilmenite (Ilm) having a

well-developed sharp boundary along the magnetite/ilmenite aggregate. Sample SD-1: Velka Stozka - Dudlavka. E: A complete decomposition of primary
Ti-rich magnetite to a very fine lamellae aggregate of hematite/rutile (Hem/Rt) with very thin residual iimenite boundaries along the hematite - rutile
crystals, most likely as the result of iimenite breakdown to rutile and hematite ;. Sample SD-1: Velka Stozka - Dudlavka. F: The central grain represents the
breakdown of ilmenite to rutile with a co-existing hematite aggregate (Rt/Hem). Marginal grains are representative of the deuteric oxidation of primary
Ti-magnetite to ilmenite (Iim) laths oriented along {111} magnetite planes, accompanied in some places by a progressive decomposition to rutile (Rt).
Accessory minerals are represented by zircon (Zrn) and monazite (Mnz) enclosed in Fe-Ti oxide aggregates. Sample SD-2: Velka Stozka-Dudlavka.

Obr. 2. Obrazky spitne rozptylenych elektrénov (BSE) Fe-Ti oxidov z ryolitov A-typu silicika A: Deutericka oxid4cia “oxyexsolticia” primarneho
Tibohatého magnetitu (sendvi¢ovy typ). ,Sendvi¢ové” lamely tenkého ilmenitu (Ilm) a hrubého rutilu (Rt) vytvarajice siefovy vzor pozdiz
spinelovych ploch {111} v hostitelskom magnetite (Mt). Zirkén (Zrn) je najhojnejsi akcesoricky mineral uzatvoreny v Fe-Ti oxidoch. Okrajovy
lem je tvoreny hematitom (Hem). Vzorka TEL-3: Telgart-Gregova. B: Pokro¢ily rozklad (C4? $tadium) primarneho Tibohatého magnetitu na Fe
rutil (Rt) a Tibohaty hematit (Ti-Hem) vytvarajice mriezkovy vzor so sekundirnou hematitovou zilkou (Hem) a uzatvorenym zirkénom (Zrn).
Vzorka TIS-1: Tisovec-Rejkovo. C: Velmi jemné lamely ilmenitu/magnetitu (Ilm/Mt) s inkldziami rutilu (Rt) v centralnej, Ti bohatej ¢astizrna
uzatvoreného v hematite (Hem). Vzorka SD-1: Velké Stozka-Dudlavka. D: Jemnozrnné lamely magnetitu/ilmenitu (Mt/Ilm), ktoré st pravde-
podobne produktom velmi rychlej oxidacie primarneho titanomagnetitu s externou inkliziou ilmenitu (Ilm) s ostrym kompozi¢nym rozhranim
pozdiz agregitu magnetitu/ilmenitu. Vzorka SD-1: Velké Stozka - Dudlavka. E: Kompletne rozlozeny primarny Ti bohaty magnetit na jemnozrn-
ny lamelarny agregat hematitu/rutilu (Hem/Rt) s velmi jemnozrnnym reziduilnym lemom ilmenitu pozdiz krystilov hematitu a rutilu, ktoré st
pravdepodobne produktom rozpadu ilmenitu na rutil a hematit,,. Vzorka SD-1: Vel'ka Stozka - Dudlavka. F: Centralne zrno reprezentuje rozpad
ilmenitu na rutil s koexistujiicim agregdtom hematitu (Rt/Hem). Okrajové zrnd reprezentuji deutericku oxidaciu primarneho Ti-magnetitu
nailmenitové lamely (Ilm) orientované pozdi? magnetitovych ploch {111} a sprevadzané na niektorych miestach progresivnym rozpadom na
rutil (Rt). Akcesorické mineraly st zastipené zirkénom (Zrn) a monazitom (Mnz) uzatvorenych v agregitoch Fe-Ti oxidov. Vzorka SD-2: Velka
Stozka-Dudlavka.
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trellis-sandwich type texture: lamellae of ilmenite along the {111}
planes of the host magnetites as a result of “oxidation-exsolution”
or “oxyexolution” (Buddington & Lindsley, 1964) of the ulvdspi-
nel component from a high temperature Ti-rich magnetite (“ti-
tanomagnetite”) solid solution (Fig. 2A,B) suitable for geother-
mometry. In some places a very tiny trellis of ilmenite/magnetite
lamellae (Fig. 2C), or composite type of ilmenite,, intergrowth
occurs (Fig. 2D) with complete decomposition of primary Ti-rich
magnetite to a very fine lamellae aggregate of hematite/rutile
(Fig. 2E). The progressive decomposition to Fe-rich rutile/hema-
tite (the C4 stage according to Haggerty’s, 1991 definition) is less
common (Fig. 2B,F). This type of texture most likely represents
the final stage of the Fe-Ti oxide cooling evolution.

4.2. Iron-titanium oxides compositional data
Representative compositions of Fe-Ti oxide minerals from the
investigated rhyolites are shown in Table 1. The ulv6spinel com-
ponent (Fe, TiO,) in oxyexsolved magnetite lamellae close to the
end-member shows a composition ranging from 3 to 18 mol. %,
a galaxite component (MnAl,O,) is up to 4.6 mol. % and a her-
cynite component (FeAl,O,) up to 3 mol. %. Trace components
in the magnetite host, such as Cr,O,, MgO and NiO represent
less than 0.1 wt. % in most of the analyzed crystals, and appar-
ently, they are not significant constituents.

The oxyexsolved ilmenite lamellae are very thin (up to 4 ym,
mostly <2 um) and they contain of 0.6 to 35 mol. % of the hematite
component; up to 3 mol. % of the pyrophanite component (Mn-
TiO;), and up to 2 mol.% of the geikielite component (MgTiO,).

Compositional variation in the hematite, which are considered
to be the result of the final oxidation of ilmenite and hematitiza-
tion (maghemitization?) of magnetite, show considerable solid
solution with the ilmenite component, reaching up to 40 mol. %.
On the other hand, the concentration of the pyrophanite compo-
nent (MnTiO,) is low (1.6 mol. %) and other trace oxides, such
as Cr,0; and MgO represent less than 0.3 wt. % in most of the
analyzed crystals, and apparently, they are also not significant
constituents (Table 1; Fig. 3).

The rutile composition is uniform in all samples and is very
close to the ideal TiO, end-member. However, in some cases
the Fe-rich rutile is observed to have a slight enrichment in Fe
(up to 5.1 wt. % of FeO, 0.057 apfu Fe; Table 1). Such rutile is
in coexistence with hematite from the C4(3) stage (Fig. 2B).
Other minor constituents, such as Al,O,, Cr,0;, MnO, and MgO
represent less than 0.1 wt. % for most of the analyzed crystals.

Fe-Ti oxide compositions are plotted on a TiO,-FeO-Fe,O,
ternary diagram (Fig. 3). Analyses of deuteric oxidation products
are plotted along the magnetite-ilmenite tie line, while secondary
phases are represented by points along the ilmenite-hematite
line (“titanohematites”) and in the proximity of TiO, vertex.

Fig. 3. The composition of Fe-Ti oxides plotted

in TiO,-Fe0-0.5Fe,0, ternary diagram (atomic
proportions). Thick lines denote high temperature
solid solutions (ulvospinel - magnetite, hematite

- ilmenite, pseudobrookite - ferropseudobrook-
ite); the dashed line shows a heterostructural tie
line ilmenite - magnetite as the result of deu-

teric oxidation and breakdown of primary Ti-rich
magnetite. The Cross mark represents the average
composition; dashed ellipse represents the range of
magnetite/ilmenite compositions calculated using
the mixing equation (Appendix). The thick ellipse
represents these compositions interpolated to the
ulvéspinel - magnetite line. Minor components
are allocated as follows: FeO=XR*=Fe**+Mg+Mn;
Fe,0,=0.5XR*=0.5(Fe**+Al+Cr). Using (1/2)Fe,0, as
the parameter for the Fe** corner normalizes the di-
agram to one cation, producing the convenient ef-
fect that lines of oxidation (increasing the Fe**:Fe**
ratio) are parallel to the base of the diagram.

Obr. 3. Zlozenie Fe-Ti oxidov vyjadrené v
TiO,-FeO-0,5Fe,0, trojuholnikovom diagrame

(apfu). Hrubé ¢iary reprezentujii vysokotep-

lotné tuhé roztoky (ulvéspinel — magnetit,

hematit - ilmenit, pseudobrookit - ferropseudobrookit); prerugované ¢iary predstavuji heterostruktirnu liniu medzi ilmenitom a magnetitom

ako vysledok deuterickej oxiddcie a rozpadu primarneho Tibohatého magnetitu. KriZik reprezentuje priemerné zloZenie, prerusovana elipsa

rozsah zloZenia magnetitu/ilmenitu vypo¢itaného pomocou zmie$avacej rovnice (Apendix). Hruba elipsa reprezentuje interpolované zlozenie na

linii ulvdspinel - magnetit. Obsahy minoritnych oxidov st rozdelené nasledovne FeO=XR*'=Fe*'+Mg+Mn; Fe,0,=0,5XR*"=0,5(Fe’*+Al+Cr).

Pouzitie (1/2)Fe,0;ako parametra pre vrchol trojuholnika Fe** normalizuje diagram na 1 katién, ¢o m4 efekt na poziciu oxida¢nejlinie (zvy$ova-

nie pomeru Fe*":Fe?*), ktord je rovnobezna so zakladfiou diagramu.
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Tab. 1: Representative microprobe analyses of iron-titanium oxides from the A- type rhyolites of the Silicic Superunit. The equilibration temperature and

fO, values are referenced below each magnetite/ilmenite pair (as in geothermometer usage by Ghiorso & Evans, 2008). FeO and Fe,0; were calculated

after Carmichael (1967). Average magnetite: n=29; average ilmenite: n=35; titanomagnetite average composition was recalculated by the mixing equation

(Appendix). Mineral abbreviations: AVG Mt - average magnetite, AVG lIm - average ilmenite, Mt - magnetite, Hem - hematite, Ilm - ilmenite, Rt - rutile, cTMt

- calculated titanomagnetite, n.a. = not analysed.

Tab. 1: Reprezentativne mikrosondové analyzy Fe-Ti oxidov z ryolitov A-typu silicika. Teploty ekvilibricie a hodnoty fO, st uvedené prikazdom

magnetit/ilmenit pare (pouZity geotermometer Ghiorso & Evans, 2008). FeO a Fe,O, boli po¢itané podla Carmichael (1967). Priemerny magnetit:

n=29, priemerny ilmenit: n=35, priemerné zloZenie titanomagnetitu bolo vypo¢itané na zdklade zmie$avacej rovnice (Apendix). Skratky mine-

ralov: AVG Mt - priemerny magnetit, AVG Ilm - priemerny ilmenit, Mt - magnetit, Hem - hematit, Ilm - ilmenit, Rt - rutil, cTMt - vypocitany

titanomagnetit, n.a. = neanalyzované.

mineral Mt lIm Mt lIm Mt lIm Hem Hem Hem Rt Rt AVG Mt /-I\Ivnf cTMt
locality Telgart Tisovec V. Stozka Telgért Tisovec Sthéka Poniky St(Yi.ka Telgart

sample TELA1 TIS-1 SD-1 TEL-1 TIS-1 SD-1 PO-6 SD-1 TEL1

TiO, 4.37 43.76 1.45 48.97 3.66 40.03 16.07 12.21 5.53 98.41 93.59 2.88 46.90 17.65
Al,0, 091 0.57 0.46 0.46 0.46 0.21 112 0.16 0.97 0.10 0.08 0.68 0.47 0.61

Cr,0, 0.02 0.03 0.03 0.01 0.05 0.03 0.00 0.00 0.02 0.00 0.03 0.02 0.02 0.02
Fe,0, 58.40 14.20 66.11 290 59.97 21.80 68.34 76.12 88.66 61.20 6.50 49.21
FeO 34.35 38.30 3045 41.98 33.27 34.62 13.94 10.88 4.75 1.66 5.06 3242 40.88 29.53
MnO 0.25 0.55 0.27 1.47 0.60 113 0.31 0.08 0.16 0.03 0.15 0.62 0.76 0.67
MgO 0.10 0.29 0.00 0.33 0.02 0.14 0.12 0.01 0.04 0.00 0.39 0.10 0.30 0.17

NiO 0.05 0.00 0.00 0.00 0.00 0.06 n.a n.a n.a n.a n.a 0.02 0.00 0.01

Sum 98.45 97.70 98.77 96.12 98.02 98.00 99.89 99.47 100.12 100.20 99.30 97.94 95.83 97.88
Formulae based on 2 oxygens (rutile), 2 cations (ilmenite, hematite) and 3 cations (magnetite)

Ti** 0.127 0.853 0.042 0.964 0.107 0.783 0.314 0.242 0.109 0.990 0.990 0.085 0.928 0.520
AP* 0.041 0.017 0.021 0.014 0.021 0.006 0.034 0.005 0.030 0.002 0.001 0.031 0.015 0.028
crt 0.001 0.001 0.001 0.000 0.002 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001
Fe** 1.703 0.277 1.896 0.057 1.762 0.426 1.640 1.750 1.856 0.019 0.059 1.799 0.129 1.451
Fe** 1113 0.828 1.031 0.919 1.087 0.753 1.059 0.899 0.968
Mn?* 0.008 0.012 0.009 0.033 0.020 0.025 0.007 0.002 0.003 0.000 0.002 0.020 0.017 0.022
Mg* 0.006 0.011 0.000 0.013 0.001 0.005 0.004 0.000 0.001 0.000 0.008 0.006 0.012 0.010
Ni?* 0.001 0.000 0.000 n.a. 0.000 0.001 n.a n.a n.a n.a n.a 0.001 0.000 0.000
Catsum 3.000 2.000 3.000 2.000 3.000 2.000 2.000 2.000 2.000 1.0m 1.061 3.000 2.000 3.000
Xjaraxite 0.008 0.009 0.018 0.019 0.017
Xuivsspinel 0.119 0.041 0.100 0.079 0.406
Xnercynite 0.019 0.010 0.010 0.015 0.011
X magnetite 0.849 0.940 0.870 0.881 0.560
Xgeikielite 0.010 0.012 0.004 0.003 0.000 0.001 0.0m

Xiimenite 0.734 0.871 0.623 0.184 0.137 0.056 0.853

Xoyrophanite 0.011 0.031 0.021  0.004  0.001 0.002 0.016

Xnematite 0.245 0.086 0352 0810 0862 0941 0.120

T(°C) 657 402 655

log10fO,

(relative to 1.09 0.29 1.53

NiNiO)

log fO, 1744 27.28 -15.97

4.3. Fe-Ti oxide geothermometry
The estimation of equilibration temperatures and oxygen fugaci-
ties were obtained for Tisovec — Rejkovo (TIS), Velkd Stozka

- Dudlavka (SD) and Telgart — Gregové (TEL) samples only.
The Poniky — Drienok sample was excluded due to unsuitable
chemical composition of ilmenite-magnetite pairs. However, the
compositional data on ilmenite-hematite and rutile phases are
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plotted in general ternary diagram (Fig. 3) and following calcu-
lation of T-fO, has been done using parameters from Ghiorso
& Sack (2008).

The Telgért rhyolite displays a range of equilibration tempera-
tures (750-550 °C) and the oxygen fugacity values approximate
the NiNiO (nickel-nickel oxide) buffer ranging from —0.76 Alog
fO, (~418°C) to 1.09 Alog fO, (~657 °C). The equilibration tem-
peratures estimated for the Vel'’kd Stozka rhyolite are generally
lower 660-430°C and oxygen fugacity values also approach the
NiNiO buffer by ranging from —0.75 Alog fO, (~600°C) to 1.53
Alog fO, (~655 °C). The equilibration temperatures estimated
for the Tisovec — Rejkovo rhyolite are similar (620-400 °C)
but their oxygen fugacity values follow the NiNiO buffer with
minimal deviations ranging from -0.52 Alog fO, (~600 °C) to
0.21 Alog fO, (~532°C) as shown in Fig. 4.

Fig. 4. The equilibration temperature and fO, estimated from Fe-Ti oxides
in the A-type rhyolites of the Silicic Superunit, showing a decrease in the
oxygen fugacity during cooling. Applied fugacity buffers curves: Quartz-
Iron-Fayalite (QIF), Fayalite-Magnetite—Quartz (FMQ), Nickel-Nickel-Oxide
(NiNiO) and Magnetite-Hematite (MH) as calculated after Frost, (1991).
Equilibrium temperatures and fugacities calculated after Ghiorso & Evans
(2008).

Obr. 4. Rovnovazna teplota a hodnota fO,stanovena z Fe-Ti oxidov
vryolitoch A- typu silicika poukazuje na pokles fugacity kyslika
pocas chladnutia. Pouzité fugacitné bufre: Kremen-Zelezo-Fayalit
(QIF), Fayalit-Magnetit-Kremen (FMQ), Nikel-Nikel-Oxid
(NiNiO) a Magnetit-Hematit (MH), vypo¢itané podla Frost, (1991°%).
Rovnovazine teploty a fugacity vypocitané podla Ghiorso & Evans
(2008).

S. DISCUSSION AND CONCLUSIONS

Iron-titanium oxides represented by magnetite with ilmenite,
rutile and hematite exsolutions represent the only dark ac-
cessory phases in the investigated A-type rhyolites from the
Silicic Superunit. The compositional variations of the Fe-Ti
oxidesreflect the character of A-type chemistry of the rhyolites,
therefore minor constituents Cr,O,, MnO, MgO and NiO are
not present in significant amounts (Table 1). The effects of in-
corporated minor impurities, which are usually present up to

a few percent in natural Fe-Ti oxides, were discussed e.g. by
Nagata (1961). However the incorporation of Fe and Ti as major
cations is reflected according to the crystallographic rules of
both isostructural solid solution series (ulvospinel - magnetite
with an inverse spinel structure and hematite — ilmenite with a
rhombohedral structure). The widest range of Fe-Ti miscibility
in the studied samples is presented along the ilmenite-hematite
join, where the significant hematite component in ilmenite from
silicic volcanic rocks was also documented (Frost & Lindsley,
1991; Butler, 1992).

The recalculated primary composition of average Ti-rich
magnetite (Appendix) shows the slight predominance of magne-
tite (0.56 mol. %) component over ulvdspinel (0.41 mol. %) —
(Table 1). However, Fe-Ti oxides in felsic rocks often have low
Ti contents and primary magnetites are Ti-poor and close to
end member of magnetite (Butler, 1992), especially those late
magmatic (Broska & Petrik, 2011). On the other hand, Fe-Ti
oxides in some silicic volcanics show a wider range in titanium
contents ranging from Usp,, (fayalite rhyolites) to Usp,, (more
oxidized rhyolites with biotite and hornblende) — (Frost & Linds-
ley, 1991). Although primary Ti-rich magnetites of intermediate
composition are common, intermediate Ti-rich hematites are
relatively rare (Butler, 1992). The recalculated composition of
primary Fe-Ti oxide phase suggests the slight oxidized nature
of the rhyolite.

The incorporation of Fe into rutile (Table 1) is limited at low
temperatures and can be explained by charge-coupled substitu-
tions 2M** + Fe** = 3Ti*, or Fe** + M** = 2Ti*, where M can
be V, Nb, Ta or Sb (Waychumas, 1991). Unfortunately, the M**
cations are below the detection limit in these rutiles. Rutile
which formed at moderate temperatures may also contain a
small amount of Fe** which is observed as hematite exolutions
(Putnis, 1978). The nature of this defective solution is unclear,
but as elevated temperatures are required for significant Fe**
solubility (3 % at 1400 °C) the presence of charge-compen-
sating stacking faults and cation or anion vacancies is likely
(Waychumas, 1991).

5.2. Re-equilibration of Fe-Ti oxides and geother-
mometry
Assemblages and compositions of iron-titanium oxides are im-
portant in the estimation of oxygen fugacity and the equilibrium
temperature during evolution of these magmatic rocks. Gener-
ally, a high oxygen fugacity in the magmatic system is resulted in
the occurrence of ilmenite, magnetite and hematite, whereas the
presence of hematite indicates the highest oxygen fugacity which
canbe reached in a common acid rock (Frost & Lindsley, 1991)
The high temperature ulvospinel — magnetite solid solution
Ti,Fe, 0, (known as titanomagnetites) is the most fundamen-
tal Fe-Ti phase, particularly in igneous rocks (Nagata, 1961).
Titanium-rich magnetite can be oxidized or reduced by a variety
of processes (O’Reilly, 1984) and therefore its composition can
be recalculated from its product minerals (Saito et al., 2004),
which is represented by magnetite with ilmenite lamellae in
the mixing equation (c.f. Appendix, Table 1). An idealized Ti-
rich magnetite composition results from the reverse process of
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pure deuteric oxidation/subsolidus exsolution. This can easily
be interpolated onto the ulvéspinel — magnetite line (Fig. 3).
Ferromagnetic Ti-rich magnetite undergoes extensive sub-
solidus re-equilibration during cooling. According to Frost et
al. (1988), the general re-equilibration of Fe-Ti oxides involves
three different processes: (1) oxide-silicate re-equilibration; (2)
interoxide reequilibration; and (3) intraoxide re-equilibration.
Titanium in Ti-rich magnetite is exhausted during intra-oxide
re-equilibration in a reaction forming ilmenite, thus at lower
temperatures, compositional gaps develop and the intermediate
compositions unmix or exsolve into Ti-rich regions and Ti-poor
regions by solid state diffusion of Fe and Ti cations (Butler, 1992).
This process produces the typical texture of ilmenite lamellae
within magnetite (Fig. 2A) and it has been called “oxyexolution”
(Buddington & Lindsley, 1964). This process is described by the
following chemical reaction (Rollinson, 1980; Frost, 1991°):

6 Fe, TiO, + O, =6 FeTiO, + 2 FeFe, O,
Ulvospinel in magnetite + oxygen = ilmenite + magnetite

Fig. 5. Representative examples of BSE images (A) with magnetite

(bright) and ilmenite (dark) lamellae converted to binary images (B) with
magnetite (white) and ilmenite (black). Representative polygons (sample
TEL-3) have variable angles and strictly defined sharp boundaries and
well-developed magnetite and ilmenite pairs. Note: All values are in pixels
(square units), and the binary images are generated by UTHSCSA Image
Tool software.

Obr. 5. Reprezentativne priklady BSE obrazkov s lamelami (A) mag-
netitu (svetlé) a ilmenitu (tmavé) konvertované na bindrne obrazky
lamiel (B) magnetitu (biele) a ilmenitu (tmavé). Reprezentativne po-
lygény (vzorka TEL-3) majt rdzne uhly, jasne definované a ostré ro-
zhrania a dobre vyvinuté magnetitové a ilmenitové pary. Poznamka:
V3etky hodnoty st v pixeloch (plonych jednotkich) a bindrne obraz-
ky st vytvorené v poditatovom programe UTHSCSA Image Tool.
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The magnetite-ilmenite oxybarometer-thermometer cali-
brated by Ghiorso & Evans (2008) describe the initial oxida-
tion conditions and initial temperature to be about 620 °C for
Tisovec — Rejkovo, 660 °C for Velk4 Stozka, and 750 °C for
Telgart (Fig. 5). Re-equilibration processes during cooling and
subsequent fluid activity result in the formation of rutile and
hematite (Fig. 2B) from ilmenite according to the following
reaction (e.g, Deer et al., 1982):

Fe*,TiO, + O, = Fe**,0, + TiO,
Ilmenite + oxygen = hematite + rutile

The formation of rutile is considered to be the final stage for
primary Ti-rich magnetite decomposition or ilmenite decom-
position with accompanying hematite. The formation of titanite
isanormal final stage in Ca-rich metamorphic rocks (Harlov et
al., 2006) and intermediate to acid magmatic rocks (Broska et
al,,2007). Itis not developed in these rocks, due to the absence
of Cain the A-type rhyolites (cf. Uher et al., 2002).

Magnetite-ilmenite oxide barometry-thermometry of A-type
rhyolites reveals a relatively smooth evolutionary trend in the
late-magmatic/high-temperature hydrothermal or subsolidus/
solidus stages. This trend reflects the rapid cooling of volcanic
rocks in comparison with the low grade metamorphism of acid
plutonic rocks (e.g., Rollinson, 1980).

At higher oxygen fugacities buffered in the FMQ reaction,
Fe is present in both oxidation states as ferrous (divalent) and
ferric (trivalent) ion and is mainly incorporated into magnetite
at the expense of the silicates (Frost, 1991°). The relatively higher
values of oxygen fugacity during the rhyolites late magmatic/
subsolidus evolution to postmagmatic alteration is supported by
the presence of accessory strontian barite and rarely cerianite-
(Ce) in the Tisovec-Rejkovo rhyolitic body (Ondrejka et al.,
2007). Moreover, the calculation of equilibrium temperatures
for A-type rhyolites (400750 °C) are lower than previous or-
thomagmatic temperature values in range of 800-900 £ 50 °C
estimated from the zircon typology (cf. Pupin, 1980) and zircon
saturation temperature (820-895 °C) as calculated from the
bulk-rock chemical composition (cf. Watson & Harrison, 1983).
These temperatures indicate that the rhyolites originated from a
hot and dry magma (Uher et al., 2002; Ondrejka, 2004), while
Fe-Ti oxide thermometry based on intra-oxide re-equilibration
between spinel and rhombohedral oxide pairs (e.g., Ghiorso
& Evans, 2008) reflects the conditions during subsequent sub-
solidus/solidus cooling history of a rock. Surely the lowest tem-
peratures obtained from the two-oxide geothermometer (Fig. 4)
are unrealistic because they fall below the expected solidus of
rhyolitic magma.

5.3. Source of the Fe- rich rhyolite

Although the mobility of Fe in high temperature brines derived
from rhyolites can be significant (Simon et al., 2004), the high
concentration of scattered magnetite in the host rhyolite rock
is not due to hydrothermal precipitation because of the high
amount of primary Ti in the majority of the present magnetite.
On the other hand, part of hematite forming rims on magnetite
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and veins in host rock (Fig. 2) most likely originated during high
temperature late/post-magmatic activity. Hypergene processes
contributed to the increased Fe/Tiratio as well. An evolved Fe
concentration (high Fe/Mg ratio) is a common phenomenon of
A-type melts (cf. Whalen et al., 1987; Sylvester, 1989, 1994), and
the high amount of Fe-Ti oxides is a product of such primary
iron melt enrichment. A-type rhyolitic volcanic rocks are highly
enriched iniron, but also in HFSE, including REE and depleted
in Ca, Mg, Sr (e.g., Uher et al., 2002; Samuel, et al. 2007).

The relatively low abundance of phenocrysts in A-type rhyo-
lites (~10 vol. %) suggests that the magma did not remainina
shallow storage chamber for a long time (Smith et al., 2005).
Usually, a hot and dry rhyolite melt contains low amounts of phe-
nocrysts as it is known for instance from Cenozoic volcanic cen-
tresin the Western Cordilerain USA (Christiansen & McCurry,
2008). Here, the rhyolites show a relatively wide equilibration
temperature range from ~750 to ~400 °C. Some rift-related rhyo-
lites with A-type affinity also record relatively low temperatures
of equilibration (<700 °C) and low fO, (SFMQ) (MacDonald
& Scaillet, 2006). The conditions observed in Tisovec, Telgart
and Vel'ka Stozkalocalities exhibit similar conditions in spite of
intraplate Permian evolution within Pangea continent.

The overall mineralogical and chemical characteristics of
studied rhyolites resulted from intraplate geotectonic setting
(Uher et al., 2002). Partial melting of rift-related deep crustal
rocks and astenospheric upwelling provided the mechanism for
rhyolite magma origin and subsequent lithospheric extension
and crustal fracturing triggered the eruption of these magmas.
Volatiles from the upper mantle were important agents for heat
transfer sufficient for the enhanced anatexis of crustal rocks
(Samuel, et al. 2007). The character of eruption is probably con-
sistent with the Peléan type of eruption in a small water volume
(Martel et al., 1998).
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Appendix: Reconstitution of primary Ti-rich magnetite composition (example
on Fe-Ti oxide polygon 1 in Fig. 5)

The calculated magnetite/ilmenite area ratios in selected grains and a mixing
equation were used for reconstruction of the compositional average of the
former primary Ti-magnetite. Following procedure was applied to obtain
the relevant statistical data:

(a) A compilation of appropriate iron-titanium oxide textures (trellis-sandwich
type) free of inclusions was divided into polygons showing a varying numbers
of angles and strictly defined sharp boundaries (Fig. SA).

(b) Different greyscale level of digital images converted to B/W binary images
(Fig. SB) from BSE allows the calculation of the ilmenite/magnetite area
fractions.

(c) Calculation of the total square area of each polygon, ilmenite and magne-
tite square areas and fraction of ilmenite and magnetite square areas using

these binary images.

)

where X, is the fraction of ilmenite square area, X, is the fraction of magnetite
square area, Areay,, is the square area of ilmenite, Area,, is the square area
of magnetite and Area,,, is the total square area of polygon.

Figure (SB) shows the selected Fe-Ti oxide texture-polygon [1], which has



THE LATE MAGMATIC TO SUBSOLIDUS T-fO2 EVOLUTION OF THE LOWER TRIASSIC A- TYPE RHYOLITES (SILICIC SUPERUNIT, ... 61

acalculated total area of 26 061 pixels, for which the ilmenite (black) makes
up 3613 pixels and magnetite (white) makes up 22 448 pixels, thus giving

proportional values for ilmenite (X,;,,) and magnetite (X,,,)
@

(d) Acquired fraction values can be considered to be roughly equivalent to

volume fractions which can be converted to weight fraction as follows:
®3)

where m is the weight %, p is the density (Mt = 5.2 and Ilm = 4.75 g/cm®) and
P is the volume value. The conversion to index number of weight fraction

for polygon [1] can be written as follows:

@

Index number ®)

Therefore the mixing equation takes the form:

O

where X, is the weight fraction of ilmenite, X, is the weight fraction of
magnetite, Oxide,,, is the average value of each oxide in ilmenite, Oxide,,,
is the average value of each oxide in magnetite, Oxide,, is the calculated
concentration of each oxide.

The calculated average composition of primary Ti-rich magnetite (titano-
magnetite) in all studied samples shows the magnetite component of

56 mol. % together with ulvéspinel component of 41 mol. % (Tab. 1).
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