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Detrital chromian spinels in sedimentary rocks provide much information concerning the tectonics of their parental ultrabasic
rocks. Chromian spinels occurring in the Eocene to Oligocene deposits from the Magura Nappe were examined to provide
some constraints on the history of the Magura Basin. The Magura Nappe is a part of the Flysch Belt belonging to the External
Western Carpathians. The Magura Nappe is separated by a narrow zone associated with the Pieniny Klippen Belt and is di-
vided into three principal tectono-lithofacies units (from the S to N): the Krynica, Bystrica and Raca units. Cr-spinel is a com-
mon accessory mineral (2.3-5.9 vol% of heavy mineral spectra) in the siliciclastic rocks of the Ra¢a and Krynica units. In
terms of texture and chemical composition, two types of Cr-spinels were recognized: unaltered and altered. Unaltered spi-
nels were found to contain silicate inclusions such as chromio-pargasite, enstatite, diopside, pargasite, plagioclase and oliv-
ine (forsterite). The chromian spinels show wide variations in compositional parameters such as Cr# (0.3-0.7), Mg#
(0.3-0.7), TiO, (<0.03-1.9 wt.%) and Fe?'/Fe® (2.5-13) whereas the differences between the Ra¢a and Krynica units are in-
significant. These parameters suggest a peridotitic and volcanic origin of the spinels, respectively. The ophiolite source con-
sisting of harzburgitic mantle peridotites was developed mainly in a supra-subduction zone setting; volcanic spinels indicate
an origin in mid-ocean ridge basalts, back-arc basin basalts and sporadically in ocean-island basalts. Concerning their geo-
chemical features, we propose that during the Eocene to Early Oligocene, the ophiolitic detritus in the eastern part of the
Magura Basin deposits may have been derived from a source area located in the Fore-Marmarosh Suture Zone (Eastern
Carpathians) that is considered an equivalent of the Black Flysch and Ceahlau units. Some Cr-spinels found in the Eocene
sedimentary successions may have resedimented from older Late Cretaceous-Paleocene formations of the Magura Unit,
which are considered as reworked sedimentary material from the Pieniny Klippen Belt.
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INTRODUCTION metaultrabasites from the East Slovakian Basin basement
(Inacovce-Krichevo Unit; Spisiak et al., 2000, 2001), and in Me-

sozoic ultramafic bodies of the Meliata Unit (Mikus and Spisiak,

Chromian spinels belong to a group of resistant minerals
that often occur as a component of the heavy mineral fraction of
sedimentary rocks. In the case of sedimentary rocks, the com-
position of unaltered Cr-spinels may provide useful petrogen-
etic information about their source rocks.

Recently, attention has been paid to the Cr-spinels in differ-
ent rock types of the Western Carpathians. They have been
geochemically investigated in metaultramafic rocks from the
Tatric crystalline basement (Spisiak et al., 1988, 1998), in
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2007). Cr-spinels have also been recognized in sedimentary
rocks from the Pieniny Klippen Belt (PKB; Starobova, 1962;
Misik et al., 1980, 1991a; Jablonsky et al., 2001; Aubrecht et al.,
2009), and in the Poruba flysch Formation located in the Tatric
and Fatric (Krizna Nappe) units (Mikus et al., 2006) and in de-
posits from the Sambron flysch Zone (Central Carpathian
Paleogene basin; Spisiak et al., 2001; Lenaz et al., 2009) and
the Gosau Group (Mikus et al., 2006; Stern and Wagreich,
2013). The chemical composition of Cr-spinels from various
sedimentary rock units and stratigraphic levels of the Western
Carpathians was investigated by Jablonsky et al. (2001), who
also provided an overview of the Cr-spinel occurrences in the
Western Carpathian Mesozoic sedimentary rocks. The chemi-
cal composition of detrital Cr-spinels in the heavy mineral frac-
tion from recent river sediments in the Nizke Tatry Mts.
(Tatricum Unit) was examined by Stankovic et al. (2001), while
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study of ultrabasic (metaultrabasic) rocks of the Western
Carpathians was made by Hovorka et al. (1985).

Preliminary geochemical data obtained from detrital chro-
mian spinels from the Middle—Late Eocene Magura Fm. sand-
stones (Krynica Unit, Polish Western Carpathians) suggest that
Cr-spinels were supplied only from ophiolites with harzburgitic
affinity (Vardar Zone sub-province; Lenaz et al., 2001). The
chemical composition of Cr-spinels from the Krynica Unit and
from the PKB was studied by Oszczypko and Salata (2005).
They proposed that the grains represent a mixture of spinels
originating from different parts of the obduced ophiolite.

Cr-spinels were described from the Paleocene to Eocene
deposits which crop out in the Eastern Slovakian part of the
Flysch Belt (Magura Nappe) by Starobova (1962). Krizani
(1985) confirmed their presence in recent alluvial deposits on
the Magura Nappe. He proposed that the Cr-spinels represent
the “mineralogical record of sources from the Inner Carpathian
provenance”. Cr-spinels were also found within Orbitolinae
limestones (with clasts of basic volcanic rocks) that form part of
the turbidite sandstone succession of the Strihovce Fm.
(Krynica Unit; Misik et al., 1991b). They have been identified in
the Magura Nappe deposits of Poland (Winkler and Slaczka,
1992, 1994).

This study describes the chemistry of detrital Cr-spinels
from the Magura Nappe flysch sandstones and from recent al-
luvial deposits in Eastern Slovakia. Back-scattered electron
(BSE) images and electron microprobe analyses have shown
that these Cr-spinels are altered to various degrees, which pro-
vide a good opportunity to assess their textural and compo-
sitional variations associated with serpentinisation and/or meta-
morphism. Additionally, the unaltered spinel grains are used as
a petrogenetic indicator of their source rocks. Consequently,
new geochemical data of Cr-spinels found in Eocene (to
Oligocene) flysch deposits from the eastern part of the Magura
Nappe are compared with those of the PKB and other succes-
sions containing Cr-spinels from the different Western
Carpathian units (Meliata and Ifacovce-Krichevo units,
Sambron flysch Zone) and from the Polish flysch Western
Carpathians with evaluation of their potential sources.

GEOLOGICAL SETTING

The Magura Nappe — the innermost tectonic unit of the
Flysch Belt (Outer Western Carpathians, OWC) is subdivided
into three principal tectono-lithofacies units: from south to north,
the Krynica, Bystrica and Raca units. These units consist of
deep-sea, mostly siliciclastic deposits of Late Cretaceous to
Oligocene age (see Fig. 2). In the south, the Magura Nappe is
tectonically bounded by the PKB, while in the north-east it is in
tectonic contact with the Dukla Unit belonging to the
Fore-Magura group of nappes. The Grybéw Unit, as the inner-
most unit of the Fore-Magura group of nappes, crops out in the
Smilno tectonic window beneath the Inner Raca Unit (e.g., Lexa
et al., 2000).

The Raca Unit represents the northernmost tectono-
-lithofacies unit of the Magura Nappe in the area investigated.
Based on lithofacies differences mainly of the Zlin Formation in
its northern and southern parts, two zones are distinguished
(Fig. 1; e.g., Kovacik et al., 2011, 2012): the Outer Rac¢a Unit
(Siary Unit in the Polish OWC) and the Inner Raca Unit (Raca
Unit s.s. in the Polish OWC). These zones are separated by the
Kriva Olka overthrust line, generally of NW—SE trend (Mencik
and Pesl, 1959; Mat&jka et al., 1964; Zec et al., 2011; Kovadik
etal., 2012).

The Outer Raca Unit crops out north of the Kriva Olka line
and consists of the Beloveza and Zlin formations. The Beloveza
Formation (Lower Eocene—Midle Eocene) is formed of two fa-
cies: thin-bedded flysch and variegated claystones. The Zlin
Formation (Middle Eocene—Early Oligocene) forms the prevail-
ing part of the unit. In general, the lower part of the formation is
composed of a glauconite-sandstone facies, whereas the upper
part is usually formed of a claystone facies with thinner inter-
beds of glauconite-sandstone facies and brown silicified
claystones and siltstones. Dark calcareous claystones in asso-
ciation with the claystone facies are locally present in the upper-
most part of the Zlin Fm. The total thickness of the formation
reaches 2500 m.

The Inner Raca Unit crops out south of the Kriva Olka line
between the Outer Raca Unit in the north-east and the Bystrica
Unit in the south-west. It has a wider stratigraphic range, covers a
considerably larger area and in comparison with the Outer Raca
Unit it has more varied facies content. From its base upwards it is
built of the following formations: the Kurimka Fm. (sensu Samuel,
1990), and the Beloveza, Zlin and Malcov fms. (Kovacik et al.,
2011, 2012). The Kurimka Formation (Upper Cretaceous—Lower
Eocene) crops out south of the Smilno tectonic window. The na-
ture of the underlying rock is not known, but upwards it gradually
passes into the Beloveza Formation. The formation is divided
into flysch facies (thin- to medium-bedded green and grey clay-
stones with interbeds of quartzose to quartzose-carbonate sand-
stone) and sandstone facies (quartzose-greywacke sandstones,
locally with glauconite). The thickness of the Kurimka Fm. is esti-
mated at 500—-800 m. The Beloveza Formation (Paleocene—Mid-
dle Eocene) crops out in the frontal parts of particular slices (or in
cores of anticlinal structures) of the Inner Raca Unit. The lower
part of the formation is formed of the Mrazovce Member,
whereas the upper part comprises thin-bedded flysch with the in-
tercalations of variegated claystone. The thickness of the Belo-
veza Fm. commonly is 200—250 m, up to a maximum of 2000 m
in the Zborov anticlinorium (Nemcok et al., 1990). The Beloveza
Fm. is overlain by the Zlin Fm. with a gradational contact. The
Zlin Formation (Middle Eocene—Lower Oligocene) of the Inner
Raca Unit covers an extensive part of the territory studied and its
total thickness reaches 2000 m. The formation is composed of
several facies (or lower lithostratigraphic units): the Makovica
Sandstones with local layers of conglomerate, a glauconite-
-sandstone facies (quartzose, arkosic and glauconitic sand-
stones with olive-green calcareous claystones to siltstones),
coarse-grained sandstones and conglomerates (commonly with
glauconite), a claystone facies (olive-green calcareous “Zlin-
-type” claystones and siltstones with glauconitic sandstones) and
dark grey and olive-green calcareous claystones with quartzose-
-carbonate and glauconitic sandstones. The transition into the
overlying Malcov Formation is gradual at numerous places and a
common occurrence of the Malcov and Zlin lithotypes is ex-
pressed by a Zlin-Malcov facies (calcareous claystones,
quartzose-carbonate and glauconitic sandstones). The Malcov
Formation (Upper Eocene—?Upper Oligocene) reaches a thick-
ness of 1200 m and its bed succession dominates the flysch fa-
cies (grey calcareous “Malcov-type” claystones to siltstones with
interbeds of quartzose-carbonate sandstone). Within this forma-
tion several smaller lithostratigraphic units (or facies) of consider-
able stratigraphic importance have been distinguished. The
lower part of the Malcov Fm. is built of thin interbeds of laminated
Tylawa limestones and Globigerina Marlstones in close contact
with variegated (mostly red-brown) claystones and the Menilite
Member. In the upper parts of the formation the younger horizons
of the Menilite Member occur.

The Bystrica Unit is overthrusted on the Inner Raca Unit on
the northeastern side and in the south it is in tectonic contact
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Fig. 1. Simplified and partly modified structural sketch map of the NE part of the Slovak Outer Western Carpathians (according
to Stranik, 1965; Korab, 1983; Nemcok, 1990; Zec et al., 2006; Kovacik et al., 2011; Geological map of Slovakia at 1:50,000 scale
[online], 2013 — taken from Bénova et al., 2016, modified) with sampling points (1-12)

Fields with purple dotted lines show the sampling points of panned concentrates (SU, MF samples); palaeotransport directions are shown
according to Korab et al. (1962), Stranik (1965), Nemcok (1990), Kovacik et al. (2009, 2012), Zec et al. (2011), Bénova et al. (2016); sam-
pling: 1 — BZK-318, 2 — BZK-700, 3 — BZK-264, 4 — BZK-322a, 5 — MRA-1, 6 — MRA-2, 7 - MRA-4, 8 - GIR-1, 9 — KOS-1, 10 - UD-1, 11 —

KNC-4, 12 — BZKo-765

with the Krynica Unit. The oldest lithostratigraphic unit of the
Bystrica Unit is the Beloveza Formation (Paleocene—Middle
Eocene). The lower part is represented by a sandstone facies
(locally with conglomerates). The upper part is formed of thin-
-bedded flysch locally with interbeds of variegated claystone.
The thickness of this formation is estimated at 50-200 m. The
Zlin Formation (Middle Eocene—Upper Eocene) is formed
mainly of a sandstone facies and claystone facies. In general,
the sandstone facies mainly forms the lower part of the forma-
tion, whereas the claystone facies is dominant in its upper part.
The Krynica Unit is the southernmost tectono-lithofacies unit
of the Magura Nappe and consists of the Prog, Cergov,
Strihovce and Malcov formations. The Pro¢ Fm. is commonly re-
garded as a part of the PKB (e.g., Nemcok, 1990; Lexa et al.,
2000). However, subsequent research in the study area showed
a facies transition (Jasenovce Mb.) between the Pro¢ and
Strihovce fms. and so both formations constitute an integral part
of the Krynica Unit (Potfaj in Zec et al., 2006; Zec et al., 2011).
The Cergov Formation (Lower Eocene—Middle Eocene) is pres-

entin the Cergov Mts. (Nemcok, 1990) and consists of two basic
facies: a sandstone facies (medium to coarse-grained arkosic
sandstones) and a thin- to thick-bedded sandstone-claystone fa-
cies (Nemcok et al., 1990). The Strihovce Formation (Lower
Eocene—Upper Eocene) dominates in the Nizke Beskydy Mts.
(cf. Zecetal., 2006; Kovadik et al., 2012) and represents succes-
sion of quartzose-greywacke (Strihovce) sandstones several
hundred metres thick with intercalations of mostly oligomict con-
glomerate. Significant facies is represented by polymict con-
glomerates with pebbles of exotic rocks. Sandy claystones are
developed above the polymict conglomerates. The flysch facies
locally includes intercalations of variegated claystone.

The Malcov Formation (Upper Eocene—?Upper Oligocene)
is the youngest formation of the Krynica Unit in the region stud-
ied and its thickness is estimated at 800—1200 m. The flysch fa-
cies (grey calcareous claystones and siltstones with layers of
quartzose-carbonate sandstone) is the main and the most ex-
tended facies of this formation. At several levels a sandstone fa-
cies is present, locally with layers of conglomerate. The lower
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Fig. 2. Lithostratigraphy of the Magura Nappe in the Nizke Beskydy Mts. and adjacent
areas (compiled after Nemcok et al., 1990; Potfaj in Zec et al., 1997; Zec et al., 2011
and Kovacik et al., 2012)

Lithology taken from Bénova et al. (2016), modified;
sampling points are the same as in Figure 1

part of the Malcov Fm. is sporadically built of variegated clay-
stones and Menilite Member. The Menilite Member is known
also from the higher (younger) parts of this formation.

All of these formations contain sandstones carrying heavy
minerals such as garnet, tourmaline, zircon, rutile, chromian

spinel, apatite, staurolite, glauconite, kyanite and amphibole
(except the Makovica Ss.). Rare pyroxene occurs in the
Strihovce and Malcov fms. Two grains of titanite were found in
the Strihovce Fm., and traces of titanite are also present in the
Mrazovce Mb. (Appendix 1%).

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1292
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PALAEOFLOW DIRECTIONS

Palaeoflow direction analysis is also of great importance for
these provenance studies. We briefly summarize the palaeo-
flow data of the units and formations from which the samples
have been studied (Fig. 1).

The inner and older part of the Magura Basin is formed of
relatively coarser-grained deposits of the Krynica Unit (Proc,
Strihovce and Cergov formations). Sedimentary gravity flows
brought clastic material mostly from the S, SE and E to the N,
NW and W (longitudinal filling, Korab et al., 1962). Several data
point to directions from SW to NE. It was inferred that lateral
sediment input turned to flow along the axis of the basin (Korab
etal., 1962). The younger Malcov Fm. has a much more varied
palaeoflow record indicating contribution of sedimentary mate-
rial from several directions. As well as the dominant flow direc-
tion from SE to NW there was also a significant input of clastic
sediment from peripheral parts — generally from the SW to NE
and from the NE to SW (Bonova et al., 2016).

The middle and outer (northern) part of the Magura Basin is
mostly represented by the Raca Unit. The lowermost part of the
Beloveza Fm. in the Inner Raca Unit (Mrazovce Member,
sensu Kovacik et al., 2012) has the character of an upward-fin-
ing and upward-thinning flysch succession (channel-levee
complex) with palaeoflow direction mainly from NW to SE
(Kovacik and Béna, 2005). The Makovica Sandstones Member
represents a significant part of the Zlin Fm. in the Inner Raca
Unit and its palaeoflow record has been relatively well-studied
(Korab et al., 1962; Nem¢ok and Korab, 1963; Kovacik et al.,
2009). The Makovica Sandstones Member is a “turbidity sys-
tem” characterized by lithofacies change along the flow direc-
tion of gravity currents. The main direction of the flows was from
SE to NW, though with some differences in the various parts of
the system. The SE part of the system shows a palaeoflow di-
rection from SE to NW or NNW with local variations to the N and
NE. In the NE part the dominant flow direction is from ESE to
WNW with dispersion to the NW and W (Kovacik et al., 2009).
Data from the Zlin Fm. of the Outer Rac¢a Unit indicate similar
palaeoflow directions as those in the Inner Ra¢a Unit — longitu-
dinal filling generally from the SE to NW. Some differences
have been observed near the northern border of the unit, where
directions from the NE to SW and NW to SE have been re-
corded (Korab et al., 1962; our observations).

MATERIAL AND METHODS

12 samples were collected from 10 localities (Fig. 1). For
the Raca Unit, the sampled material includes the Beloveza
(Mrazovce Member: 3 samples), Zlin (Makovica Sandstones: 3
samples) and Malcov (1 sample) formations. For the Krynica
Unit, 4 samples were taken from the Strihovce Fm. and 1 sam-
ple from the Malcov Fm.

Sandstone samples weighing 5-10 kg were collected for
the preparation of heavy mineral concentrates. Heavy mineral
concentrates from sandstones were obtained by the standard
methods from the 0.025 to 0.063 mm size fraction with final
separation in heavy liquid (tetrabromethane with D =
2.96 g/cm®). Concentrates were qualitatively and quantitatively
evaluated with a focus on the translucent heavy minerals. To-
tals of 350 to 450 grains were optically evaluated.

For comparison, we included Cr-spinel analyses from re-
cent alluvial deposits in the Magura Nappe (Fig. 1). Panned
concentrates were taken by standard panning of 5-10 cubic
decimetres of the sandyclay fraction. The average sampling

density corresponds to a scale of 1:50,000. For geochemical
analysis, we used Cr-spinels from two areas: the Peri-Klippen
zone of the Magura Unit (MF sample) and the Inner Ra¢a Unit
(SU sample). Spinels were selected to cover the entire shape
and colour spectra. The distribution Cr-spinels from the panned
concentrates is shown on the map (Fig. 1).

Cr-spinels were picked by hand and analysed in polished
thin-sections using an electron microanalyser Cameca SX 100
(State Geological Institute of Dionyz Stur, Bratislava, Slovak
Republic) with the WDS method at accelerating voltages of
15 kV, a beam current of 20 nA and an electron beam diameter
of 5 um. To measure concentrations of various elements the fol-
lowing natural and synthetic standards were used: orthoclase
(Si Ka), TiO2 (Ti Ka), AlO3 (Al Kar), Cr (Cr Kar), fayalite (Fe Ka),
rhodonite (Mn Ka.), forsterite (Mg Kot), wollastonite (Ca Ka), Ni
(Ni Kav), willemite (Zn Koi) and V,0s5 (V Kav).

For the Raca Unit, chemical data of 18 detrital spinels were
taken from the MRA-1, MRA-2, MRA-4 samples of the Mra-
zovce Mb. (Mrazovce village); from the BZK-700 sample
(Svidnik — Kastielik Quarry; 13 analysed grains), the BZK-318
sample (VySny Orlik Quarry; 12 analysed grains) and the
BZK-264 sample (Barna Quarry; 14 analysed grains) — all from
the Makovica Sandstones (Zlin Fm.), and from the BZK-322a
sample (Stefurov locality; 5 analysed grains) of the Malcov Fm.

For the Krynica Unit, Cr-spinels were analysed from the
KNC-4 sample (Kamenica n/Cirochou Quarry; 14 analysed
grains), from the KOS-1 sample (Ko$arovce Quarry; 8 analysed
grains), from the UD-1 sample (Udavské locality; 9 analysed
grains) and from the GIR-1 sample (Giraltovce locality; 13 ana-
lysed grains) of the Strihovce Fm., and from the BZKo-765
sample (KluSov locality; 9 analysed grains) of the Malcov Fm.

Two analyses of each grain were made, one in the centre
(grain core) and the other near the rim, away from microveins.
Analyses of grains were calculated on the basis of 3 cations.
Fe?" and Fe®" in spinel were allocated according to the ideal
stoichiometry. Back-scattered electron image (BSE) observa-
tions were carried out using the same instrument.

For classification of amphibole inclusions Hawthorne’s et al.
(2012) classification scheme was used (chemical formulae
were calculated sensu Locock, 2014). Pyroxene inclusions
were classified according to Morimoto et al. (1988).

RESULTS

OCCURRENCE OF CHROMIAN SPINELS

The amount of detrital chromian spinel in heavy mineral
spectra in the siliciclastic rocks from the Magura Nappe is vari-
able: up to 5.9 vol% in the Krynica and up to 2.3 vol% in the
Raca units, respectively (Appendix 1). Spinel grains usually ex-
hibit subhedral to euhedral shapes (Fig. 3A, B, K). Fragments
(angular shapes) and rounded grains indicating a recycled ori-
gin also occur. Spinel long diameter ranges from 60 to 150 um.
From the textural point of view, two different occurrences of
Cr-spinels were found in siliciclastic rocks of both units — unal-
tered and altered. Some grains are visibly zoned. The inclu-
sions are also present (Fig. 3B-E).

CHEMISTRY OF CHROMIAN SPINELS

Representative chemical compositions of the detrital chro-
mian spinels are shown in Appendix 2. According to their chem-
ical compositions, Cr-spinels can be divided into the low-Ti
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Fig. 3. Back-scattered electron (BSE) images of Cr-spinels from the Magura Basin deposits

A — euhedral shape of an unzoned homogeneous Cr-spinel (MRA-4 sample); B — forsterite inclusion in unzoned
magnesiochromite (BZK-700 sample); C — chromio-pargasite coupled with an enstatite inclusion in chromite

(BZK-264 sample); D —

inclusion of pargasite, diopside and plagioclase intergrowths in magnesiochromite (GIR-1

sample); E — D photo in detail; F — Cr-spinel with porous “myrmekitic” structure; the pores are filled with secondary
chlorite (BZK-264 sample); G — massive alteration of Cr-spinel to ferritchromite (BZK-318 sample); H — zoned
Cr-spinel consists of a dark grey magnesiochromite core followed by an irregular ferritchromite zone showing a
light grey colour and Cr-chlorite surroundings (BZK-264 sample); | — chromite shows signs of decomposition its
heterogeneous structure (KNC-4 sample); J — Cr-spinel shows a porous structure forming a sieve texture; the
pores towards the outer grain boundary form round bubbles (KNC-4 sample); K — euhedral Cr-spinel with altered
zone along its margin; L — up-grade alteration of Cr-spinel toward to its core (MRA-4 sample); Fo —forsterite, Apm

— amphibole, Px, CPx — pyroxene, Pl —

(TiO2 <0.2 wt.%) and high-Ti (TiO, >0.2 wt.%) groups. Under
the binocular microscope, both high-TiO, and low-TiO, spinels
are black.

According to Stevens'’s (1944) classification, which is based
on Cr, Al and Fe** contents, spinels are represented by alu-
minium-chromite, chromian-spinel and ferritchromite (altered
spinels). The parameters Cr#, M%# and Fe*'#, which are de-
fined as Cr/(Cr + Al), Mg/(Mg + Fe**), and Fe*'/(Cr + Al + Fe*"),

plagioclase, Chl — chlorite, Spl — spinel

respectively, classify them as chromite and magnesiochromite,
more rarely spinel s.s. (Deer et al., 1992). Alterations shift the
spinel composition closer to chromite. Alteration usually occurs
along the entire profile of the grains analysed.

Pearson’s correlation coefficient (r) was used to check if any
correlation exists between different cations in Cr-spinels (Ap-
pendix 3). This index is a measure of the linear correlation be-
tween two variables, giving a value between +1 and —1, where 1
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is a total positive correlation (an increase in one variable is ac-
companied by an increase in the second one), 0 is no correla-
tion, and —1 is total negative correlation (an increase in one vari-
able is accompanied by an decrease in the second one). Fig-
ure 4 shows the strong negative correlations of Cr** (a.p.f.u.)
with A”** (r value ranges from —0.73 to —0.98) and Mg*" with
Fe?" (r=—1)for all formations (Appendix 3). The mostimportant
compositional variations in Cr-spinels follow the influence of tet-
rahedral Fe** <> Mg®* and octahedral A** <> Cr** substitutions.
There is usually moderate negative correlation of Cr** with
other elements (Mg, Fe*") in the bulk samples investigated from
all formations (except for the SU sample, where there is no cor-
relation between Cr**and Fe*"). A few altered grains show a
more pronounced negative correlation between Cr** and Fe®".
This peculiarity is apparent in samples from the Mrazovce
Member (Beloveza Fm., Ra¢a Unit) and from the Malcov Fm.
A negative correlation with a higher dispersal of analysed points
between Cr and Ti is also obvious (Fig. 4A).

0.030 1

Raca Unit. Chromian spinels demonstrate a wide compo-
sitional range. Unaltered high-Ti grains are generally primary
phase, optically and chemically homogeneous, with Cr# from
0.4 to 0.68 and Mg# from 0.3 to 0.69 (Appendix 2). Generally,
TiO, content is high at intervals from 0.2 to 1.08 wt.%, Al,O3 is
between 17 and 32 wt.% and Fe*"/Fe®* ratio ranges between
1.8 and 8.6. The Cr# of low-Ti spinels (TiO, is around 0.1 wt.%)
ranges from 0.45 to 0.7 and the Mg# varies from 0.37 to 0.7.
The Fe®/Fe* ratio ranges between 2.9 and 9.8 and the Al,O5
content is from 15 to 32 wt.%. We observed a higher Al content
(50.1 wt.% Al,O3) in one sample from recent alluvial deposits
(SU sample). Zn content in the Cr-spinels varies from 0.02 to
0.34 wt.% ZnO.

Altered chromian spinels show heterogeneous textures
(Fig. 3F-L). Altered zones have formed along the margins (Fig.
3K, L), less along the cracks of Cr-spinel grains. Alteration
along the rims and fractures shows depletion of Cr, Al, and Mg
and enrichment in Fe as major elements and for minor ele-
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Fig. 4. Correlation diagrams between main chemical elements (a.p.f.u.) in Cr-spinels:
A-Cr¥vs. Ti*", B - Cr* vs. Mg®*, C — Cr** vs. AI**, D - Cr** vs. Fe**, E - Mg** vs. Fe**
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ments there was enrichment in Ti and less so in Mn, Zn and Si
(Appendix 2). The second group consists of the altered Cr-spi-
nels in which Cr,O3 content (Cr# ~86 mol%) markedly in-
creases at the expense of Al,O3, while the content of TiO, does
not usually change. Alteration types are described below.

According to the diagram used to determine Cr-spinel origin
(Lenaz et al., 2000; Kamenetsky et al., 2001), the analyses lie
within the field of supra-subduction zone peridotites and volca-
nic spinels (BABB - back-arc basin basalt and MORB — mid-
-ocean ridge basalt, rarely OIB — ocean-island basalt), respec-
tively (Fig. 5).

Krynica Unit. Moderate Cr# ratios of 0.3 to 0.6 and of Mg#
from 0.4 to 0.74 are characteristic values for the unaltered
high-Ti spinel grains. TiO, content varies at intervals from 0.2 to
1.9 wt.%, Al,Os is between 18 and 39 wt.% and Fe*'/Fe®" ratio
ranges between 1.8 and 5.9. On the other hand, the Cr# of
low-Ti spinels (TiO, <0.1 wt.%) ranges from 0.5 to 0.6 and the
Mg# from 0.3 to 0.6, rarely 0.7 in samples from the recent allu-
vial deposits (Appendix 2). The Fe?'/Fe** ratio ranges in ex-
tended intervals between 2.5 and 13. Al,O3 content is between
13 to 32 wt.%.

Altered spinels (e.g., UD -1 sample) are characterized by an
increase in Fe and Cr. They are depleted in Al and Mg. Addi-
tional features of some altered spinels are minimal changes in
FeO content (i.e. Fe;O3 is negligible) but significant gain of
Cr,05 content (Cr# up to 83 mol%) at the expense of Al,Os.
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Fig. 5. Chromian spinel discrimination diagram
(Al,O; vs. TiO;) showing the composition of Cr-spinels
analysed from various Magura flysch units

Compositional fields of spinels are imaged sensu Kamenetsky et
al. (2001): LIP — large igneous provinces, OIB — ocean-island ba-
salt, MORB — mid-ocean ridge basalt, ARC — island-arc basalt,
SSZ - peridotite of supra-subduction zone, MOR - peridotite;
BABB — back-arc basin basalt (sensu Lenaz et al., 2000); Cr-spi-
nels from the Meliata Unit (light pink fields with dot-and-dash
lines; Mikus and Spisiak, 2007), from the Czorsztyn Unit (light
blue fields with double dot-and-dash lines; Aubrecht et al., 2009)
and from the Jarmuta and Szczawnica formations (PKB and
Krynica Unit, respectively; colourless field with orange dashed
line; Oszczypko and Salata, 2005) are plotted for comparison; ex-
planations as for Figure 4

This phenomenon is reflected by high values of the Fe?*/Fe*
ratio (up to 21).

According to the provenance diagram (Lenaz et al., 2000;
Kamenetsky et al., 2001), analyses of Cr-spinels lie, as do
those of the Raca Unit, within the field of supra-subduction zone
peridotites and volcanic spinels of BABB and MOR basalt ori-
gin, respectively (Fig. 5).

Malcov Formation (Raca and Krynica units). The chemical
composition shows different contents of the main oxides: Cr,05
(~50 wt.%) dominates in most grains analysed. Al,O3 content is
within the range of 16 to 33 wt.%. High TiO, (0.7-2.3 wt.%) and
low [Fe**/Fe*" = (1.0-2.15)] ratios suggest a volcanic origin for
the bulk of the grains analysed (Lenaz et al., 2000; Kamenetsky
et al., 2001), with Mg# between 0.5 and 0.7. Grains containing
TiO, up to 0.1 wt.%, Fe*"/Fe® = (8.9-14.5) and Mg# = 0.4-0.5
are also present. The spinels are usually unzoned and homoge-
neous. Some grains are rich in TiO,, Al,O3 and FeO, which in-
crease at the expense of Cr,O; towards the grain peripheries.
Other grains show higher contents of MnO (0.49 wt.%) and ZnO
(0.43 wt.%) and this may indicate alteration, although this is not
shown by the texture of the grains. Decrease in Al,O5 content at
the grain peripheries, typical of alteration and/or metamorphic
processes (e.g., Burkhard, 1993; Liipo et al., 1994; Power et al.,
2000; Mikus$ et al., 2006; Mikus and Spisiak, 2007), does not oc-
cur (Bonova et al., 2016). According to the diagram applied to
determine Cr-spinel origin (Lenaz et al., 2000; Kamenetsky et
al., 2001), the samples investigated lie within the field of su-
pra-subduction zone peridotites and volcanic spinels, respec-
tively. The volcanic spinels fall outside the boundaries of differ-
ent tectonic settings (Fig. 5).

INCLUSIONS WITHIN CHROMIAN SPINELS

Inclusions are usually present in fresh Cr-spinel grains that
are almost free of alteration (according to BSE images, Fig.
3B-E). Silicate inclusions of amphibole, pyroxene, plagioclase
and olivine are trapped in spinels from both tectono-lithofacies
units:

1 — A chromian spinel with low Ti content (0.13 wt.%
TiO,) coexisting with a forsterite (Fogs) inclusion has a
magnesiochromite composition (sensu Deer et al.,
1992; BZK-700 sample, Raca Unit, Fig. 3B, see Appen-
dixes 2 and 4). There are no cracks around and across
the forsterite inclusion. Cr-spinel composition in equilib-
rium with Fog, olivine indicates a relatively low tempera-
ture (~760°C) and sub-solidus re-equilibration (Fe-Mg
exchange) between spinel and olivine during cooling in
magmatic conditions (cf. Farahat, 2008). The forsterite
has a high content of NiO (0.5 wt.%) and its composition
corresponds to that of olivine from ultrabasic rocks (Deer
et al., 1997). It may have been derived from a nearly
primitive magma.

2 — Chromio-pargasite coupled with enstatite (Appendix
4) occurs within chromite in a sample (BZK-264) from
the Raca Unit. The chromite shows an unzoned homo-
geneous texture. It has an almost identical chemical
composition from the core to the grain periphery. A
chlorite inclusion trapped within the same chromite (Fig.
3C) s enriched in Mg (MgO = 20.46 wt.%) and Cr (Cr,03
= 4.32 wt.%) contents.

3 — An inclusion formed by pargasite and diopside
(+/-plagioclase) intergrowths appears in an unaltered
magnesiochromite (sensu Deer et al., 1992) with very
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low Ti (0.05 wt.% TiOy) from the Krynica Unit (GIR-1
sample, Fig. 3D, E).
The primary silicate inclusions have been altered to chlorite
(e.g., BZK-264, KOS-1 samples) in altered chromian spinels.

ALTERATION AND TEXTURE PARTICULARITY
OF CR-SPINELS

The heterogeneous textures of the spinels studied are
shown in Figure 3. In the framework of the grains investigated,
several types of altered textures have been identified optically
and chemically:

1 — Cr-spinel with porous “myrmekitic” structure, where
the pores are filled with secondary chlorite (BZK-264
sample, Fig. 3F). The grain exhibits a significant zoning
manifested by a decrease in Al, Mg and increase in Ti, Fe
and Mn towards the rim. Alteration of spinel is expressed
more clearly by the SiO, content (up to 0.7 wt.%).

2 — Massive alteration of Cr-spinel to ferritchromite
(BZK-318 sample, Fig. 3G).

3 — Optically zoned Cr-spinel consists of a dark grey
magnesiochromite core followed by an irregular pale
grey ferritchromite zone. The slightly brighter edges of
this grain in BSE images result from an increase in its
Fe?* content and a decrease in Mg®*. The ferrian chro-
mite rim is not accompanied by development of Cr-mag-
netite at its margin. However, peripheral development of
Cr-chlorite aureoles is common (Fig. 3H). The inner
parts of the grains are usually not modified by secondary
processes. This phenomenon was observed mainly in
Cr-spinels from the Rac¢a Unit (Makovica Ss., BZK-264,
BZK-318 samples).

4 — In sample KNC-4 (Krynica Unit), chromite with signs
of the decomposition of its heterogeneous structure is
characteristic. The chemical composition of the grain is
the same along the whole profile (Fig. 3I).

5 — Within the Krynica Unit samples (Kamenica and
KoSarovce localities), Cr-spinels were identified showing
a porous structure. The pores are not associated with
fractures within the host spinel. The pores are located ei-
ther concentrically, tracing the zones of Cr-spinel
growth, or they are present along the whole grain profile
as cross-cutting veinlets forming a sieve texture. In gen-
eral, pores become larger towards the outer grain
boundary where they usually form round bubbles (Fig.
3J). Within the sieve spinels, worm-shaped pores are
widespread and mostly filled with an unknown material
which could not be analysed by electron microprobe.
The chemical composition of individual grains in the
centre-rim direction is nearly unchanged. They are rep-
resented either by magnesiochromite that from its
chemical composition shows a peridotite origin or by
chromite which indicates a volcanic origin (sensu
Kamenetsky et al., 2001).

DISCUSSION

INCLUSIONS AND ALTERATION IN CHROMIAN SPINELS

As well as common inclusions, there is also unusual
chromio-pargasite. A high content of Cr,Oj3 in the chromio-par-

gasite inclusion may be caused by host-spinel contamination.
On the other hand, SiO, content in the host Cr-spinel is negligi-
ble indicating no submicroscopic silicate phases in the place of
dissolved elements (Burkhard, 1993; Barnes, 2000) and the
NiO,, ZnO and MnO contents in the spinel are rather low. Nev-
ertheless, the existence of another chlorite inclusion trapped
within the same chromite (Fig. 3C) indicates alteration. Various
types of inclusion have been described in both unaltered and al-
tered zones of chromite grains in ophiolitic chromitites (Melcher
etal., 1997). It was observed that some of these inclusions con-
tained chlorite, interpreted as formed during metamorphism or
serpentinisation, and then enclosed by recrystallising chromite
during grain-boundary migration. If a grain of altered chromite is
heated enough, it can recrystallise as a new homogeneous
chromite with the same composition as the original chromite
(Gervilla et al., 2012). This explains why many chromites, with
homogeneous textures and compositions similar to primary
chromite, contain polyphase inclusions. Multiple cycles of alter-
ation/re-equilibration of the host-ultramafic rocks might have
produced several events of dissolution-precipitation-homogeni-
sation of grains (Gonzalez-Jiménez et al., 2014). Chromio-par-
gasite is known from podiform chromitite deposits scattered in
serpentinised dunite associated with rocks of eclogite metamor-
phic facies formed during retrograde metamorphism (Nishio-
-Hamane et al., 2012).

The composition of an olivine inclusion in a magnesio-
chromite (BZK-700 sample, Ra¢a Unit) corresponds to that of
olivine from upper mantle ultrabasic rocks and may have been
derived from a nearly primitive magma. Its increased Mg con-
tent corresponds to the composition of spinels documenting
genesis in ophiolite complexes.

From the geochemical features, the altered chromian spi-
nels occurring in the Magura flysch deposits are a result of
serpentinisation and regional metamorphism processes within
their parental ultramafic rocks (Eales et al., 1988; Jan and
Windley, 1990; Burkhard, 1993; Mellini et al., 2005; Miku$ and
Spisiak, 2007; Farahat, 2008; Gonzalez-Jiménez et al., 2009).
The best-known feature of alteration patterns in Cr-spinel is the
presence of Fe-rich rims (ferritchromite) with a higher reflectivity
(Fig. 3G) and depletion in some major elements (Cr, Al, Mg),
due to element exchange and modification with the surrounding
silicate minerals such as olivine and pyroxene (e.g., Lipin, 1984;
Kimball, 1990; Merlini et al., 2009; Saumur and Hattori, 2013) in
the source mafic-ultramafic rocks. The chemical compositions
of some Cr-spinel grains are consistent with the trend typical of
metamorphosed chromites that are expressed as Mg and Al im-
poverishment, mainly compensated by increases in Fe?" and/or
Fe® (Khalil and EIl-Makky, 2009; Gonzalez-Jiménez et al.,
2009), though their high Cr content. The parental rocks were
subjected to a sub-greenschist to greenschist facies metamor-
phic overprint (Barnes, 2000; Gonzalez-Jiménez et al., 2009).
The altered Cr-spinel group, due to significant changes in the
content of discriminant elements, cannot be used for petrogen-
etic purposes.

A specific feature of the Cr-spinels analysed is the sieve
texture (Fig. 3J). Given the almost identical chemical composi-
tion of the Cr-spinel in its centre and at the rim, along with inter-
nal areas of the grain with a sieve texture, we infer mineral
breakdown induced by decompression with relatively little loss
of heat as magma entered a shallow magma reservoir
(Stormer, 1972; Nelson and Montana, 1992; Su et al., 2011).
This texture is distinctive, especially in Cr-spinels from the
Krynica Unit.
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PROVENANCE OF DETRITAL SPINELS

Cr-spinels in heavy mineral spectra signal a component of
mafic to ultramafic rocks in the source material. A significant
amount of Cr-spinels in deposits from the southernmost areas
of the Magura Basin was shown by Starobova (1962), and later
by Winkler and Slaczka (1992, 1994) and Oszczypko and
Salata (2005), which involved a source in re-sedimented mate-
rial from the Pieniny Klippen Belt, perhaps even from the
Magura Basin basement (Oszczypko and Salata, 2005; cf.
Schmid et al., 2008: plate 1; Cieszkowski et al., 2010; Oszczy-
pko et al., 2015). The preliminary microchemical data obtained
from the Magura Fm. sandstones (Krynica Unit) show that the
spinels are quite similar to those from the Eocene succession of
the Krappfeld Gosau Group suggesting that Cr-spinels
occuring in the OWC were supplied from ophiolites with
harzburgitic affinity (Vardar Zone sub-province, Lenaz et al,,
2001). Oszczypko and Salata (2005) analysed Cr-spinels from
sandstones of the Raca and Bystrica units (Szczawina Fm.),
the Krynica Unit (Szczawnica Fm.) and the Jarmuta Fm. sand-
stones belonging to the PKB. The spinels investigated did not
show compositional zoning, chemical variability or inclusions
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Fig. 6. Relationship between Mg/(Mg + Fe?*)

vs. Cr/(Cr + Al) in the peridotitic spinels

Compositional fields are used according
to Dick and Bullen’s (1984) classification

and admixtures of other phases. Based on their chemical com-
position Oszczypko and Salata (2005) noted an origin in
ophiolite sequences or Alpine type peridotites. They attribute
the Cr-spinel heterogeneous compositions to the gradual ero-
sion of rocks building an ophiolite complex.

In this study, the chemistry of the unaltered Cr-spinels, with
TiO, content <0.2 wt.%, shows a peridotite origin (the first
group). There is a set of relatively low Al,O; and medium Mg
(Mg# 37-67 mol%) contents; Cr# varies in a wide range of
45-70 mol%. Spinels of this composition correspond to su-
pra-subduction zone peridotite (so-called SSZ) sensu
Kamenetsky et al. (2001). According to Dick and Bullen's
(1984) classification, they represent mainly intermediate type Il
and type Il — harzburgites. Some points plot in the field of type |
—lherzolites (Fig. 6). Cr-spinels from SSZ peridotite occur in the
Raca and Krynica units, respectively. The nature of the inclu-
sions clearly confirms their provenance in ultramafic bodies.

Cr-spinels with TiO, contents >0.2 wt.% denote the second
group. They indicate a volcanic source. According to Lenaz et al.
(2000), we discriminate between peridotitic and volcanic spinels
on the basis of their TiO, content and FeO/Fe,O5 ratio. Lenaz et
al. (2000) pointed out that peridotitic spinels show TiO, content
<0.2 wt.% and FeO/Fe,O3ratio >3, while spinels crystallised from
basaltic magmas show TiO, content >0.2 wt% and FeO/Fe,O3
ratio <4. Cr-spinels originating from cumulate and extrusive vol-
canic rocks tend to have higher TiO, (Kamenetsky et al., 2001).
The AlL,O3; content is more variable. It reaches of 17-30 wt.%
(rarely 50 wt.%) in the Raca Unit. Slightly higher values
(18—39 wt.%) are shown in Cr-spinels from the Krynica Unit. Vol-
canic Cr-spinels from the Raca Unit represent spinels from bas-
alts of BABB and/or MORB. Volcanic spinels from MOR basalts
dominate in deposits from the Krynica Unit (Fig. 5).

In terms of chemical composition, there is some difference
between Cr-spinels from the Magura Unit compared to Cr-spi-
nels from Czorsztyn (Aubrecht et al., 2009) and Meliata units
(Mikus and Spisiak, 2007; Fig. 7), perhaps even to the Poruba
flysch Fm. located in the Tatric and Fatric (Krizna Nappe) units
(Mikus et al., 2006), which are considered a Meliata melange
(Mikus et al., 2006; Aubrecht et al., 2009).

Increased TiO, and FeO contents are noticeable in most
Cr-spinels investigated from the Magura flysch formations. High
Fe®* and TiO,, along with lower Mg#, suggest that Cr-spinels
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Fig. 7. Nomenclature and composition of spinels based
on the classification of Deer et al. (1992)

The spinels studied are compared with the compositional fields of
spinels from the Meliata, Klape and Manin and Czorsztyn units (ac-
cording to Aubrecht et al., 2009 with references therein); explana-
tions as for Figure 4
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could be the product of fractional crystallisation and re-equili-
bration at lower temperatures due to slow cooling (Arai, 1992;
Kamenetsky et al., 2001; Luzar-Oberiter et al., 2009), and thus
probably derived from cumulate members of the ophiolite
source. On the other hand, high Fe** and increase of Fe at the
expense of Cr simultaneously is typical of alteration processes.
Altered spinels associated with serpentine may show increas-
ing Fe?* content from core to rim but Cr need not show the gain
(Liipo et al., 1994).

Cr-spinels derived from volcanic rocks are moderately com-
mon (representing 40—44% of the spinels investigated) in the
Magura flysch formations; nevertheless, peridotite spinels
dominate in the Czorsztyn (Aubrecht et al., 2009) and Meliata
units (Mikus and Spisiak, 2007). Increased amounts of oxides
(for example TiO,) may have been caused by alteration. How-
ever, the grains analysed of volcanic origin have optically and
chemically homogeneous compositions (Fig. 3A). Significant
decrease in Al,O3;, MgO and Cr,O3, which might result from the
alteration of Cr-spinels (Burkhard, 1993; Power et al., 2000;
SpiSiak et al., 2000, 2001; Miku$ et al., 2006; Miku$ and
Spisiak, 2007; Gonzalez-Jiménez et al., 2009), has not been
observed in these grains.

Some Cr-spinels obtained from recent alluvial deposits oc-
cur in the Peri-Klippen zone of the Magura Unit (the bedrock of
the recent fluvial system is composed of the Strihovce Fm.)
show coincidence with those of the Czorsztyn or Meliata units
(Fig. 5). The same composition of Cr-spinels was observed in
the Jarmuta and Szczawnica formations (Oszczypko and
Salata, 2005; cf. Fig. 5).

Spisiak et al. (2001) considered that Cr-spinels from the
Sambron flysch Zone (belonging to the Central Carpathian
Paleogene Basin, CCPB) have been derived from two sources
at least, although they included the possibility of resedimen-
tation. According to Spisiak et al. (2001), the spinels investi-
gated resemble the spinels derived from ultrabasic rocks from
the Zbudza and Mernik localities belonging to the Ifacovce-
-Krichevo Unit (Sotak et al., 1990, 1991, 1995), or from ultra-
basic rocks cropping out in Gemericum, as well as the spinels
from the PKB or the Magura Unit. However, low Ti contents in
Cr-spinels from the Zbudza and Mernik localities (Spisiak et al.,
2001) are notable. Moreover, the contents of major oxides
(Cry03, Al,O5) are not the same. A heterogeneous character of
Cr-spinels in the Sambron Zone sediments was also noted by
Lenaz et al. (2001, 2009). Peridotite spinels are prevalent (rep-
resenting 90% of the spinels derived from peridotite of type Il
sensu Dick and Bullen,1984), while scattered volcanic spinels
have OIB character (Lenaz et al., 2009). Lenaz et al. (2009) in-
ferred the similarity with spinels from the Vardar Zone. We do
not consider the Inacovce-Krichevo Unit as a possible source of
ultrabasic material since its outcrop and exhumation are dat-
able to the Early Miocene based on the FT zircon age (Sotak et
al., 2000, 2005). The subsidence of the CCPB reached its peak
during the Eocene (Kovac et al., 1994). In addition, the Cr-spi-
nels analysed from the Magura flysch deposits show some dif-
ferences compared with those from the Ifacovce-Krichevo Unit
(Fig. 5). An absence of serpentine is apparent in the heavy min-
eral spectra from the Magura formations (in eastern Slovakian
part), while it is a major component of sandstones from the
Sambron flysch Zone (Spisiak et al., 2001).

Consideration of re-eroded sediments from the Pieniny
Klippen Belt s.I. or more precisely from the Czorsztyn Ridge
realm (Winkler and Slaczka, 1994), as a possible source of the
Cr-spinels present in the Magura Basin deposits could not be
absolutely excluded, but only for deposits forming except the

Eocene. Eocene conglomerates of the Strihovce Fm. (Krynica
Unit) contain no material from the PKB (Czorsztyn succession,
Misik et al., 1991b; Oszczypko et al., 2015). They originated
from a source that was situated between the Magura flysch and
Klippen sedimentary areas (South-Magura cordillera sensu
Marschalko, 1975; Marschalko et al., 1976). Oszczypko and
Oszczypko-Clowes (2006) suggested that the provenance of
these rocks may be connected with the Eocene exhumation of
the Magura Basin basement (Valais-Rhenodanubian-Magura
oceanic accretionary prism sensu Schmid et al., 2008) or possi-
bly with the Inner Carpathian realm represented by the Inner
Dacides and/or Tisza terrain (Oszczypko et al., 2006). Consid-
ering the character of the Cr-spinels and their presence within
subjacent formations, redeposition from the PKB during the
Paleocene and/or during the Oligocene may be presumed.
Sporadic volcanic Cr-spinel compositions appear to be more
heterogeneous in this realm. It changed from ARC to MORB
(Lenaz et al., 2009). The volcanic spinels from the Malcov Fm.
deposits (Upper Eocene—Upper Oligocene) show some similar-
ity to the spinels from the Poruba Fm. in the Krizna Nappe
(Bonova et al., 2016). Cr-spinels from the Poruba Fm. show an
affinity to the Meliata ocean (Mikus et al., 2006). Aubrecht et al.
(2009) proposed the same origin for Cr-spinels of the Czorsztyn
Unit (PKB). They considered the exotic Andrusov Ridge, repre-
senting the Meliata melange supplying the Central Carpathian
zone in the south, and Oravicum (later the PKB) in the north by
ophiolitic detritus simultaneously. Cr-spinels from the Jarmuta
Fm. (Maastrichtian—Paleocene) located along the tectonic
boundary between the PKB and the Krynica Unit and from the
Szczawnica Fm. (Paleocene—Lower Eocene) that represents a
typical lithofacies of the Krynica Unit with harzburgitic (or less
commonly lherzolitic) affinity, show similar characteristics indi-
cating a source in material from the PKB (Oszczypko and
Salata, 2005; Fig. 5). The chemical composition of Cr-spinels
from the Meliata Unit suggests the lherzolitic patterns, while
harzburgitic parent rocks have not been confirmed (Mikus and
Spisiak, 2007).

The supply of Cr-spinels with the same chemical signature
remained dominant from the Eocene until the earliest
Oligocene in the Magura Basin, suggesting that exposed rem-
nants of the same ophiolite belt persisted through the Eocene to
the Early Oligocene and that recycling was significant. A direc-
tional change in composition of the detrital chromian spinels
from the south (Krynica Unit) to the north (Rac¢a Unit) is not evi-
dent, although the sedimentation areas of both units had al-
ready developed in the Eocene. Indeed, palaeoflow analysis in-
dicates the source of sedimentary material from the NW in the
Mrazovce Member (Beloveza Fm., Ra¢a Unit; Kovacik and
Bona, 2005). Palaeotransport from the SE is predominant in the
Makovica Sandstones (Zlin Fm.), while less significant
palaeocurrent traces were observed from the E in this formation
(Korab et al., 1962; Kovacik et al., 2009, 2011) and siliciclastic
deposits of the Krynica Unit were supplied generally from the
SE (Korab et al., 1962; Bonova et al., 2010; Kovacik et al.,
2011) and to a lesser extent from the south (Misik et al., 1991b).
Nevertheless, in term of spinel geochemical composition from
the Racga (Mrazovce Mb. versus Makovica Ss.) and Krynica
(Strihovce Fm.) units, respectively, the possibly different prove-
nance is either not evident (Fig. 5) or the Cr-spinel seems not to
be sufficiently discriminatory. Another explanation is the consid-
erable longitudinal (axial) direction of entrance for the ophiolite
detrital material into the Magura Basin.

For the Krynica Unit, association of Cr-spinels with radio-
larites in the Strihovce Fm. deposits (Misik et al., 1991b)is a re-
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liable indicator of the presence of an ophiolite complex repre-
senting a relict of oceanic crust among the source material.
Considering the ubiquity of Cr-spinels but the lack of the ophio-
litic lithoclasts, a source area consisting of obducted ophiolites
must have been a certain distance from the Magura Basin.

For the Raca Unit, the presence of gabbro olistoliths in the
Osielec sandstones, which was primarily described by Wieser
(1952) as “the ophiolite from Osielec, may represent an ophio-
lite succession indicating oceanic crust (Cieszkowski et al.,
2010).

Taking into account the geochemical characteristics of the
Cr-spinels and palaeoflow directions (in the Eocene especially)
we consider that the source of Cr-spinels may have been the
ophiolite complexes of the Fore-Marmarosh Suture Zone
(Hnylko, 2011) represented by structural-facies units such as
the Kamyanyi Potik, Rakhiv and Sukhiv-Burkut (Porkulets)
nappes incorporating the Trostyanets and Rakhiv-Chyvchyn
magmatic complexes. These magmatic complexes, located in
the Eastern Flysch Carpathians north of the Marmarosh Massif,
consist of basic effusive rocks (basaltoids) formed on transi-
tional and oceanic crust (Hnylko and Vashchenko, 2004;
Lyashkevich and Yatsozinskiy, 2005; Pavlyuk et al., 2013,
2014). The Trostyanets Complex is built of volcanic rocks of the
ophiolitic association though the picrites and basalts have an al-
kaline character and were formed in the conditions of intra-
continental rifting (Lyashkevich et al., 1995; Varishchev, 1997;
Generalova et al., 2013). Based on their geochemical composi-
tion, Stupka et al. (2011) suggested that they belong to early
volcanic rocks that developed on an ensialic substrate. On the
other hand, the Rakhiv and Sukhiv-Burkut nappes contain rem-
nants of Jurassic-Neocomian mafic rocks. These rocks and
basalts of the Kamyanyi Potik Unit are partly of oceanic origin
according to petrochemical data (Lyashkevich et al., 1995;
Varishchev, 1997). The Kamyanyi Potik, Rakhiv and Sukhiv-
-Burkut nappes (Fore-Marmarosh Suture Zone) belong to the
suture and originated from the oceanic realm and likely corre-
spond to the Outer Dacides-Severinides (Slaczka et al., 2006;
Golonka et al., 2008; Sandulescu, 2009). The Kamyanyi Potik
Unit is most probably a prolongation of the Black Flysch Unit of
the Romanian Carpathians (Slaczka et al., 2006; Hnylko et al.,
2015a). The Rakhiv and Sukhiv-Burkut nappes are likely con-
tinuations of the Ceahlau Unit (Slaczka et al., 2006; Balintoni
and Balica, 2013; Oszczypko et al., 2015). The basement of the
Ceahlau-Severin Basin crops out mainly in the Severin Nappe
(South Carpathians) and consists of strongly dismembered
ophiolitic lithologies (Savu et al., 1985) such as harzburgitic
(rarely Iherzolitic) ultramafic rocks, gabbros and pillow basalts.
The blocks of ophiolitic material were found embedded in
coarse-grained clastic deposits of Late Jurassic and Creta-
ceous age. The Severin-Ceahlau ophiolites are thought to be
remnants of an intracontinental oceanic basin within the Euro-
pean margin (Hoeck et al., 2006).

Chromites from ultrabasic rocks outcropping in the Velyka
and Mala Uholka River valley (Uholskyi Complex, PKB in the
Ukrainian Carpathians) are also known (Bilonizhka et al., 1995;
Lyashkevich et al., 1995).

The ophiolite material now present as olistoliths in the
Vezhany Nappe (Marmarosh Klippen Zone; Hnylko and
Hnylko, 2016) may have partially sourced the younger (Oligo-
cene) flysch deposits of the Magura Basin (Malcov Fm.). The

Vezhany Nappe is located to the northwest of the Marmarosh
Crystalline Massif. This nappe is thrust over the Cretaceous
flysch of the Outer Carpathians. The lower part of the Vezhany
stratigraphic succession (Soymul Fm.) is represented by an
Early Cretaceous olistostrome (in places an olistostrome-con-
glomerate) with olistoliths of Proterozoic(?)-Paleozoic-Meso-
zoic rocks derived from the Marmarosh Massif as well as
olistoliths of Mesozoic mafic-ultramafic rocks and also of Lower
Cretaceous organogenic Urgonian-type limestones (Hnylko
and Hnylko, 2016). Olistoliths of an ophiolitic association are
formed by serpentinised peridotites with spinels (Iherzolites,
harzburgites and websterites). A volcanic assemblage formed
of metadolerites, picritic basalts, basalts and so on is an integral
element of the ophiolite association (Hnylko et al., 2015b).
Sedimentological data from the Paleocene-lowermost Oligo-
cene Vezhany succesion (Metova Fm.) support the conclusions
based on foraminifera, indicating a bathyal environment
(Hnylko et al., 2015a; Hnylko and Hnylko, 2016) and during de-
position of the Eocene succession in the Magura Basin the
ophiolitic association of the Vezhany Nappe could not have
been the source for Cr-spinels. Ophiolite complexes of the
Vezhany Nappe are probably remnants of the Transylvanian-
-Mures (Vardar-Mures) Suture Zone (Csontos and Voros,
2004; Schmid et al., 2008) formed after collision of the Tisza
and Dacia Mega-units (Schmid et al., 2008; Hnylko et al.,
2015b).

CONCLUSIONS

Detrital chromian spinel grains in the Eocene to Oligocene
Magura flysch successions display relatively high Cr# and TiO..
Detrital spinels in these formations were derived from peridotitic
and volcanic source rocks, respectively and can be discrimi-
nated on the basis of their TiO, and Fe contents. Altered
chromian spinels were also distinguished. The ophiolite source
consisted of harzburgitic mantle peridotites and was developed
mainly in a supra-subduction zone setting.

Palaeogeographic reconstructions based on the geochem-
istry of the Cr-spinels (supported by published palaeoflow data)
suggest that during the Eocene to Early Oligocene the source
area of ophiolitic detritus for the eastern part of the Magura Ba-
sin was most probably located in the Fore-Marmarosh Suture
Zone (Eastern Carpathians) that is considered an equivalent of
the Black Flysch and Ceahlau units. Ophiolitic material attached
to sedimentary rocks of the PKB, which is regarded as the
Meliata melange, is not indicated unambiguously as a source
for Cr-spinels in the Eocene flysch deposits of the Magura Ba-
sin. Although a certain proportion of Cr-spinels found in the
Eocene deposits may have been resedimented from oldest
Cretaceous-Paleocene successions of the Magura Basin,
which are considered to represent reworking of sedimentary
material from the PKB.

Unusual inclusion of chromio-pargasite in chromite indi-
cates the metamorphism of its source rocks in the retrograde
stage of serpentinisation of a dunite body metamorphosed to
eclogite facies.

The results presented in this contribution are still preliminary
and require further comparison with the neighbouring areas, pri-
marily with the Ukrainian Eastern Carpathians.
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