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Throughout the Cretaceous, Tethyan oceanic branches gradually closed, and various ophiolites became obducted and
eroded. Their remnants, however, provide an abundance of exotic clasts of unknown origin. Sandstone samples from the
oldest, Albian exotics-bearing strata of the Pieniny Klippen Belt and Central Western Carpathians were analysed for heavy
minerals. These samples were dominated by a high content of chrome-spinels, zircon, tourmaline, apatite and rutile. Titanite,
kyanite, monazite, epidote, sillimanite and staurolite were much less abundant. Garnet was generally also rare; however, it
was locally common, as were blue amphiboles, pyroxenes and kyanite. The spinels found in the samples were predomi-
nantly derived from harzburgites (supra-subduction peridotites and volcanic rocks). The blue amphiboles represented
glaucophanes to ferroglaucophanes, and were derived from HP/LT metabasites. Pyroxenes (enstatite, less commonly
augite and diopside) most likely came from coeval volcanics. Most of the tourmalines were derived from metasedimentary
rocks and locally from granitoids. Furthermore, some have a complex zonation with two phases of tourmaline, or tourmaline
intergrown with quartz. These were likely derived from ophiolitic sources. The results from our analysis indicate a dominance
of ophiolites and older sediments with local input of continental crust metamorphic rocks. A resulting palaeogeographic re-
construction involves secondary doubling of the Neotethys suture zone and its lateral shift north of the Central Western
Carpathians, which formed a common source for exotics in the Pieniny Klippen Belt and the Central Western Carpathians.
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INTRODUCTION

The end of the Early Cretaceous was a time of fundamental
change across the Tethyan realm. During this time, carbonate
sedimentation ceased and was replaced by siliciclastic deposi-
tion as a result of gradual closure of various oceanic branches
(e.g., Neotethyan, Alpine Atlantic), crustal shortening, forma-
tion of accretionary wedges and obduction of ophiolitic com-
plexes. Most of the source complexes were later underthrust,
buried or removed by erosion. The only remaining witness of
the palaeotectonic and palaeogeographic processes from this
period is the detritus of sedimentary rocks. The resulting strata
are mostly deep-water clastic deposits containing material of an
unknown, exotic origin. In the Western Carpathians, the earliest
occurrences of exotic ophiolitic detritus (Cr-spinels) were inter-
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calations of Hauterivian sandstone turbidites in the Fatric and
Hronic units (Jablonsky, 1992; Jablonsky et al., 2001). Cr-spi-
nels had been previously discovered in Aptian pebbles among
the Albian exotic detritus (MiSik et al., 1980; Wagreich et al.,
1995). The first massive input of exotic material took place dur-
ing the Albian, and these deposits thus became the subject of
thorough pebble analyses (see references below); however,
systematic analysis of the sand fraction has so far been lacking.
Despite prolonged research, the provenance of the exotic de-
posits remains mysterious, and their investigation has pre-
sented an enormous challenge to date.

The Albian exotics-bearing units (Fig. 1) occur in the Pieniny
Klippen Belt (Uhry and Upohlav formations of the Klape Unit),
as well as in the Central Western Carpathians (the Poruba For-
mation within the Tatric and Fatric units). The relatively younger
Cenomanian Praznov Formation is located in the Manin Unit. In
the Pieniny Klippen Belt, which is a mélange zone consisting of
mixed blocks of various units (see the review of PlaSienka,
2018), the Klape and Manin units belong among the non-Oravic
units of the Pieniny Klippen Belt (typically called the
Peri-Klippen Zone; Mahel, 1980). The Klape Unit is of unknown
provenance and has been the subject of much debate (e.g.,
PlaSienka, 1995, 1996; MiSik, 1996; see the Discussion sec-
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Fig. 1. Schematic lithostratigraphic columns of the exotics-bearing units in the Western Carpathians arranged approximately
according to their present positions from north to south (left to right)

The scheme is based on: Birkenmajer (1977), Aubrecht et al. (2009) and Mello et al. (2011). The numbers in the circles represent
the numbers of samples analysed from the individual formations; CZ — exotics-bearing sandy admixture in the Upper Aptian/Lower
Albian deposits of the Czorsztyn Unit analysed by Aubrecht et al. (2009)

tion). The Manin Unit, which is presently situated in the Pieniny
Klippen Belt, is considered to have originally derived from the
Central Western Carpathians. There is ongoing discussion as
to whether this unit belonged to the Tatric or the Fatric domain
(Andrusov, 1938; Mahel, 1978; see also Rakus and Hok, 2005
and the references therein). In the Pieniny Klippen Belt sensu
stricto (Oravic units), the input of exotic material began much
later, during the Coniacian, being represented by the
Sromowce Formation (Birkenmajer, 1977) occurring in
deeper-water units of this domain. Albian terrigenous sandy to
gravelly input in the Oravic units was scarce, and was repre-
sented by only a single occurrence of the Albian flysch (Trawne
Member) attributed to the Kysuca Unit (called the Branisko Unit
in Poland) as described by Birkenmajer (1987). The most sur-
prising and unexpected finding was the fact that fine exotic
ophiolitic material was also registered in Upper Aptian—Albian
deposits of the Czorsztyn Unit (Aubrecht et al., 2009). This unit
was originally the shallowest of all the Oravic units and thought
to be isolated from the exotic clastic input.

There is another occurrence of Albian flysch of unknown at-
tribution in the Pieniny Klippen Belt. It occurs below a large
klippe of the Orava Unit (Havransky vrch Hill and Kozinsky vrch
Hill) near the village of Zazriva in the region of Orava. Hasko
(1977) interpreted the superposition as a tectonic contact be-
tween the main klippe and Albian turbidites. This was because
the Orava Unit is usually positioned toward the Oravic domain,
whereas Albian sandy or conglomeratic strata are almost com-
pletely absent. However, the attribution of the Orava Unit to the
Oravic domain was put into doubt by Mahel (1986), who in-
ferred that it may have been of more southern Fatric prove-
nance. Our closer inspection of this occurrence during the sam-
pling shows that there is a gradual, continuous transition from
the Barremian-Aptian marlstones to the Albian flysch, and the
contact seems to be stratigraphic rather than tectonic. Thus,
the flysch can be most likely attributed to the Orava Unit.

In the Central Western Carpathians, the Albian exotics-
bearing flysch deposition preceded the main, Mediterranean
orogenic phase, and lasted until the Middle Turonian, when the
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nappe thrusting took place. In the Klape and Oravic units, sedi-
mentation of exotic material lasted until the end of the Creta-
ceous. This still consisted of purely exotic detritus with no mate-
rial derived from the neighbouring Oravic or Central Carpathian
units. After the Maastrichtian Laramian collision between these
blocks, the exotic deposition continued (Paleogene Jarmu-
ta—Pro¢ formations) mixed with non-exotic material from the
neighbouring emerged units. Exotic sources influenced deposi-
tion in these formations until the Eocene (MiSik et al., 1991;
Winkler and Slaczka, 1992, 1994; Oszczypko and Salata,
2005; Bénova et al., 2017, 2018; Madzin et al., 2019).

The research presented in this paper deals with the
Albian—Cenomanian flysch in the Pieniny Klippen Belt and the
Central Western Carpathians. The deposits of the Klape Unit
were sedimentologically analysed by Marschalko (1986), and
the Poruba Formation in the Central Western Carpathians was
defined and systematically sedimentologically analysed by
Jablonsky (1978, 1986). The exotic conglomerates of the Klape
and Manin units were analysed mostly for their content of car-
bonate pebbles (MiSik and Sykora, 1981; Misik and
Marschalko, 1988; Birkenmajer et al., 1990). Pebble analyses
of crystalline metamorphic, magmatic and siliciclastic rocks
were provided by Krivy (1969), Kamenicky et al. (1974),
Kamenicky and Kral (1979), Simova (1982, 1985a, b, c),
Simova and Samajova (1982), Ivan and Sykora (1993), Uher
and Marschalko (1993), Ivan et al. (2006) and Zatko and
Sykora (2006). Systematic pebble analysis of carbonate com-
ponents of the Poruba Formation in the Central Western
Carpathians was performed by Misik et al. (1981).

The abundance of pebble-analysis data caused relative ne-
glect of the sand fraction in analysing the Western Carpathian
exotic material; the results included only percentage ratios of
the heavy minerals (Misik et al., 1980; Jablonsky, 1986). Per-
centage ratios from several localities that were accompanied by
provenance analysis of spinels were published by Jablonsky et
al. (2001). Other provenance analyses of the individual miner-
als included only point locations (e.g., Sykora et al., 1997;
Straka, 2011).

This paper focuses on a systematic provenance analysis of
heavy minerals in the Albian—Cenomanian exotics-bearing de-
posits in the Western Carpathians. Some early preliminary re-
sults of this research were published by Bellova et al. (2018) to
which the readers are referred for some documentation, e.g.
the tables of representative analyses of minerals. Our summary
article is complemented by ten new localities, new analyses of
heavy minerals, and by petrographic analysis of the sandstones
examined. The results are discussed in the context of data
from Cretaceous exotics-bearing deposits in other areas of the
Tethyan realm.

SAMPLED SITES, MATERIAL AND METHODS

Samples from 37 localities were analysed for heavy miner-
als: 10 from the Klape Unit (Uhry and Upohlav formations) and
24 from the Poruba Formation. From the latter, 12 localities
from the Tatric units (Albian-Cenomanian) and 12 from the
Fatric units (Albian—Turonian) were sampled (Figs. 1 and 2).
Additionally, two samples from the Manin Unit and one from the
Orava Unit were analysed.

Attribution of the sites sampled near the village of Moravské
Lieskové (ML1, ML2) was problematic. The Albian age of the
flysch rocks at the BoSaca and Moravské Lieskové villages has
been demonstrated by their ammonite assemblages (Gross,
1963), but their attribution to any tectonic unit has been inter-
preted differently in the literature. MiSik et al. (1981) attributed

these rocks to Fatricum, whereas Hok et al. (2009) considered
this zone as part of the Klape Unit. The low amount of pebbles
and their small average size (Misik et al., 1981) point rather to a
Fatric provenance for this zone.

Most of the samples were point samples from scree, be-
cause the flysch units examined very rarely form stable expo-
sures, and only about four exposures were found for sampling
(Fig. 3).

The petrographic composition of every sample (planimetric
analysis) was determined by ribbon-counting in a polarizing mi-
croscope. After thin section preparation, the samples (2 kg on
average) were crushed, washed and sieved to obtain the
0.08—1mm fraction. The heavy fraction was then separated by
heavy liquids (bromoform, sodium polytungstate, with densities
of ~2.8). The 0.08 to 0.25 mm fraction was studied in transmit-
ted light, and percentage ratios of translucent heavy mineral as-
semblages were determined by ribbon point counting. The
number of mounts for counting varied, and therefore a minimum
of 300 grains were counted. Less translucent chrome-spinels
were counted under reflected light using the same mounts as
for the other minerals. This provided their real number in the
samples examined, as well as excluding the omission of a part
of them due to their semiopaque character. We are aware that
this may cause problems when comparing percentage data
with the findings from researchers who used solely transmitted
light. Nevertheless, such data are generally not comparable,
since the number of thinner Cr-spinel grains seen in transmitted
light reveals nothing about their real amount.

Selected minerals, such as tourmalines, spinels, garnets,
pyroxenes and blue amphiboles were hand-picked, embedded
in epoxy resin, polished and coated with carbon. Their chemical
compositions were analysed using a JEOL JXA-8530FE
microprobe (Earth Science Institute of the Slovak Academy of
Sciences in Banska Bystrica, Slovakia) under the following con-
ditions: accelerating voltage 15kV, sample current 20nA, probe
diameter 2—5 ym, counting time 10s — peak and 5s for back-
ground, ZAF correction. The standards used, including lines
and detection limits (in ppm) were: Ca (Ko, 19-21) — diopside,
Mn (Ko, 49-62) — rodonite, Si (Ka, 45-50) — quartz, Mg (Ka,,
35-37) — olivine, F (Ko, 112—294) — fluorite, Na (Ka, 31-36) —
jadeite, Al (Ka, 38—40) — kyanite, K (Ko, 29—-38) — orthoclase,
Fe (Ka, 43-57) — hematite, Ti (Ko, 35-38) — rutile, Cr — (Ko,
71-130) — Cr,03, Cl (Ka, 27-34) — tugtupite. A small amount of
samples was also analysed using a CAMECA SX-100 electron
microprobe at the State Geological Institute of Dionyz Star in
Bratislava under similar conditions.

RESULTS AND INTERPRETATIONS

PETROGRAPHIC ANALYSIS

The sandstone samples analysed may be classified as fine-
to medium-grained psammites. Their grains are angular,
subangular, with low to high sphericity (Pettijohn, 1987), mostly
displaying very good sorting, without any preferred orientation.
The main components are grains of quartz, lithic grains and ma-
trix. Feldspars are rare, represented mostly by K-feldspars
(e.g., microcline) and albite. Among the lithic grains, the most
common are mica-schists (Fig. 4A), quartzites (Fig. 4B), ba-
saltic volcanic rocks (Fig. 4C) and carbonates (Fig. 4D). Slightly
recrystallized cherts and phyllites are less common. Bioclasts,
e.g. foraminiferal tests and coralline algae are rare. The matrix
of the sandstones is calcareous, representing from 0 to locally
up to 50 vol.% of the rock. Some samples represented sandy
limestones, and these were not included in the planimetric eval-
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Fig. 2. Geological schematic map of western Slovakia and the location of the sites sampled

uation. The amount of matrix is high, mostly represented by cal-
careous cement. Therefore, the sandstones examined are
mainly calcareous sandstones rather than wackes.

The prevailing fine-grained detrital fraction of the sand-
stones does not allow for a full interpretation of the primary rock
composition from which the detrital material was derived. The
only discernible lithic fragments are those of the fine-grained
rocks. Most of the coarser-grained rocks were disaggregated
into individual sand-sized grains.

According to the modal composition diagram published by
Pettijohn et al. (1987), the sandstone samples analysed belong
mostly to litharenites and sublitharenites, extending into the
quartz arenite field (Fig. 5). The Klape Unit displays a relatively
equal and narrow dispersion of the quartz/lithic fragments ratio,
which plots exclusively in the litharenitic field. Samples from the
Tatric and Fatric units (Poruba Formation) show wider disper-
sion of the ratios, since they are shifted towards the sub-

litharenite and quartz arenite fields. Samples from the Manin
Unit are located in a similar position to those of the Poruba For-
mation, whereas the sample from the Orava Unit is in the mid-
dle, just like the samples from the Klape Unit. In the provenance
diagram published by Dickinson (1985), all the sandstones
analysed fall into the recycled orogen field (Fig. 6).

ABUNDANCE OF HEAVY MINERALS

Counting of the heavy minerals (Fig. 7 and Table 1) showed
that in most units, the predominant minerals are chrome-spi-
nels, zircon, tourmaline and apatite. However, their percent-
ages vary. Garnet is generally less commonly represented
(usually <11%), but in the samples from the Lubochnianska
Valley (Tatricum, sample LD) and Medziholie Saddleback
(Fatricum, sample SM), its percentage ranges up to 78 and
73%. The apatite content in the sample from Zaskalie (Manin



662 Roman Aubrecht, Simona Bellova and Tomas Mikus

Fig. 3. View of some selected exposures of the formations sampled

A — exposure of thin-bedded turbidites of the Uhry Formation, locality N1 — above the railway at the Nosice Dam, Klape Unit; B — turbiditic
sandstones of the Tatric Poruba Formation of varying thickness, locality BR1 — valley towards the Brankovo Waterfall, Low Tatra Mts.; C —
thin-bedded sandstone turbidites of the Tatric Poruba Formation in a field road near Liptovské Revuce, locality LR2; D — thin-bedded sand-
stone turbidites of the Cenomanian Praznov Formation, Zaskalie locality near Manin Gorge, Manin Unit

Unit, sample M) is 58.6%. In some samples, sphene, kyanite,
monazite and epidote occur in relatively small amounts. At
Havransky vrch Hill (Orava Unit, sample H), the amount of
kyanite reaches 13.1%. Sillimanite and staurolite appear less
frequently. In several instances, blue amphiboles and pyrox-
enes occur in significant amounts. At the Predmier locality
(Klape Unit, sample N11), blue amphiboles form >20%; at the
Balcova (Tatricum, sample BA1) and Liptovska Osada
(Fatricum, sample LO) localities, there were increased amounts
of pyroxenes (>45%), as well as at the Malé Karpaty Mts.
Vyvrat locality (Tatricum, sample MKV — >10%). Chloritoid is
present in some samples (e.g., Uhry, sample M5), and it was
also found in the exotic flysch of the Eastern Alps (Woletz,
1963; Von Eynatten and Gaupp, 1999; Wagreich, 2003).
Baryte, which occurred in some samples, e.g. from Uhry (N5),
Balcova (BA1), Stupné (ST2), Havransky vrch (H) and
Jasenska Valley (JD2), was also not included in the heavy min-
eral percentages, because it is most likely of authigenic origin
and its high percentages would distort the heavy-mineral spec-
tra used for provenance analysis. No significant differences be-
tween the percentual ratios of heavy minerals were observed
among the tectonic units, except for a slightly increased content
of chrome-spinel in the Klape Unit versus a slightly higher ratio
of zircon in the Poruba Formation.

The ZTR index of the samples examined (proportion of the
ultrastable zircon-tourmaline-rutile trinity; Hubert, 1962) is rela-
tively moderate, but along with the chrome-spinels (Table 1),
ultrastable minerals prevail (Cr-spinels are ultrastable, too; Mor-
ton and Hallsworth, 2007). The ratio is lower only in the samples
with an exceptionally higher content of garnet, pyroxene or apa-
tite. However, the high amount of ultrastable minerals cannot be
simply interpreted in terms of reworking from older strata. The
high input of Cr-spinels is a new element in the Western
Carpathians; in the previous detrital event in the Early and Mid-
dle Jurassic, only sialic material prevailed in the Pieniny Klippen
Belt and the Central West Carpathian units (Aubrecht, 2001). It
is then reasonable to assume that these Cr-spinels were pre-
dominantly derived from a new, primary ophiolitic source that
emerged during the Cretaceous.

Statistical linear regression analysis of the individual pairs of
heavy minerals (Table 2) shows good mutual correlation only
between garnet and staurolite. These were most likely derived
from metamorphic sources. However, regression analysis of so
few grains has low validity. The ZTR minerals (zircon-tourma-
line-rutile) show a correlation coefficient (Pearson correlation
coefficient — R) varying from 0.56 to 0.62. The correlation indi-
cates that at least part of the ZTR minerals, which are
ultrastable ones and so most resistant against weathering,
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Fig. 4. Some examples of lithic fragments in the samples analysed

A — clast of mica-schist; B — lithoclast of quartzite; both sample N8, Povazska Bystrica, Klape Unit; C — clast of basalt, sample N10,
Plevnik, Klape Unit; D — carbonate clast, sample from Stupné, Klape Unit

Klape
Tatric

Fatric
Manin

Orava

Lithic
fragments

Feldspars

transport and intrastratal dissolution (see Hubert, 1962), were
most likely derived from a common source represented by older
deposits or low-grade metamorphosed sediments. The correla-
tion of spinels with the ZTR ftrinity is generally weak; only tour-
maline shows a moderate correlation (0.58). This means that at
least part of the tourmaline may also be derived from ophiolites.
Other heavy-mineral couples show no mutual correlation or
even a slightly negative one. Heavy mineral spectra thus point
to a complex and variable source area, dominated by older sed-
iments and ophiolites. Primary metamorphic and magmatic
sialic rocks were unevenly distributed and relatively rare. In
some cases, an eventual better primary correlation (e.g., be-
tween blue amphiboles and Cr-spinels) was later erased by a
strongly different resistance of the individual minerals during
transport and diagenesis processes.

<
<

Fig. 5. Plot of the petrographic composition obtained by
point-counting in the sandstone classification diagram of
Pettijohn et al. (1987)

Although the sandstones examined often contain >15% of matrix, it
is calcareous and they do not belong to wackes; 1 — quartz arenite, 2
— subarkose, 3 — sublitharenite, 4 — arkosic arenite, 5 — litharenite
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CHEMICAL COMPOSITION OF DETRITAL SPINEL AND ITS ORIGIN

The spinel fragments analysed were homogeneous and un-
zoned. The spinel grains commonly contain small vugs caused
by dissolution of unstable inclusions (e.g., pyroxene and olivine)
during weathering (Bellova et al., 2018; Fig. 3A). No measur-
able inclusions were preserved. One grain from the Uhry locality
had an alteration rim (Bellova et al., 2018; Fig. 3B).

In diagnosing different types of spinel, chemical variability in
elements such as Mg, Fe, Cr, Al and Ti is important. From the
calculated IMA-approved end-member species, the most com-
mon were Cr-rich spinel, chromite and magnesiochromite
members (for representative analyses see Bellova et al., 2018).
For the purpose of provenance, two types of diagram are used.
The first diagram, Mg/(Mg + Fe?*) vs. Cr/(Cr + Al) was intro-
duced by Dick and Bullen (1984). It distinguishes three fields in-
dicating various types of ophiolite: (1) Type | ophiolites repre-
senting peridotites for which Cr/(Cr + Al) is <0.60 (mid-oceanic
ridge peridotites), (2) Type Ill ophiolites representing peridotites
with spinels having >0.60 Cr/(Cr + Al), representing the early
stages of arc formation, (3) Type Il ophiolites bearing spinels
with a wide range of Cr/(Cr + Al), representing transitional
phases. Herein, we use the modified diagram of Pober and
Faupl (1988) to distinguish spinels derived from harzburgites,
Iherzolites, podiform chromitites and cumulates (Fig. 8). Most of
the grains match the harzburgitic field, with some overlap over
the fields of podiform chromitites and cumulates. Some spinels
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Fig. 7. Percentage ratios of the heavy minerals in the samples analysed

Mineral abbreviations (from Whitney and Evans, 2010): Amp — amphibole, Ap — apatite, B-Amp — blue amphibole, Ep — epidote,
Grt — garnet, Ky — kyanite, Mnz — monazite, Px — pyroxene, Rt — rutile, Sil — sillimanite, Spl — spinel, Spn — titanite, St — staurolite,
Tur — tourmaline, Zrn — zircon
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Table 2

Results of statistical linear regression analysis
of the individual pairs of heavy minerals

Mg]:i;al ng]c'}rigilgﬂg?r) Degree of correlation
Zrn-Ru 0.62 moderate positive correlation
Zrn-Tur 0.61 moderate positive correlation
Tur-Spl 0.58 moderate positive correlation
Rt-Tur 0.56 moderate positive correlation
Zrn-Spl 0.45 weak positive correlation
Tur-Ap 0.41 weak positive correlation
Rt-Spl 0.34 weak positive correlation
Rt-Ap 0.24 no linear relationship
Zrn-Ap 0.13 no linear relationship

outside the fields distinguished were most likely altered or meta-
morphosed. Only three analyses plotted on the non-overlap-
ping part of the Iherzolite field, having Cr/(Cr + Al) <0.3.

The second type of diagram used for purposes of prove-
nance is the Al,O3 vs. TiO, diagram introduced by Lenaz et al.
(2000) and Kamenetsky et al. (2001). This diagram is based on
the fact that most mantle rock spinels have TiO, <0.2 wt.%. and
most volcanic spinels have TiO, >0.2 wt.% (for an overview.
see Lenaz et al., 2009). This diagram indicates that most of the
spinels were derived from supra-subduction zone peridotites;
the others, which have aluminium-depleted and higher-titanium
chemistry, were most likely derived from volcanic arcs. The
grains that plotted in the pure Iherzolite field in the previous dia-
gram plot on the non-overlapping part of the MORB peridotites
field (Fig. 9). The altered spinels have a low aluminium content,
and some of them plot outside any pre-defined fields of fresh
magmatic spinels.

CHEMICAL COMPOSITION OF DETRITAL TOURMALINE AND ITS ORIGIN

Detrital tourmaline grains in the samples analysed have a
brown to green, but mostly khaki-green colour. They are mostly
subhedral, euhedral grains being rare. Observations of BSE im-
ages show that the tourmaline grains are predominantly un-
zoned, but some possess distinct zonation displaying a com-
plex intergrowing pattern of two phases of tourmaline or tour-
maline with quartz, thus attaining a complex zoned mosaic ap-
pearance (Fig. 10).

According to the classification diagrams of Henry et al.
(2011), most of the tourmalines belong to the alkali and X-va-
cant groups (Fig. 11) with a schorl-dravitic, less foititic and
magnesio-foititic composition with a higher proportion of X-site
vacancies (Fig. 12). The discrimination diagrams of Henry and
Guidotti (1985) revealed that most of the tourmaline grains were
likely derived from metasedimentary rocks, i.e. from
metapelites and metapsammites, either coexisting or not with
an Al-saturating phase; some were also derived from Fe*-rich
quartz-tourmaline rocks, calc-silicate rocks and metapelites
(Fig. 13). The metasedimentary source rocks were mostly poor
in Ca. There is also a group of tourmaline crystals (e.g., almost
the entire sample from Havransky vrch Hill) which show compo-
sitions belonging to the field of Li-poor granitoid rocks and their
associated pegmatites and aplites.

In the zoned crystals, the overgrowing zones mostly plot on
the metasedimentary rock field, and in one grain, the overgrow-
ing zone displayed a magnesium-depleted composition, thus

corresponding to Li-poor granitoid rocks (Bellova et al., 2018;
Fig. 10). Complexly zoned tourmaline grains represent two
types: (1) grains with fabric consisting of several tourmaline
phases chaotically arranged as laths, (2) grains displaying a fine
intergrowth of tourmaline and quartz. The first type of tourmaline
shows a continuous trend of Al and its substitution by Fe** at the
Y and Z sites, thus shifting from a schorl-dravitic composition to
bosiite. The second type predominantly consists of schorl-
dravitic tourmaline, but with scarce occurrence of Al-enriched
oxy-dravitic, foititic and magnesio-foititic compositions (for further
details, see Aubrecht et al., 2020).

CHEMICAL COMPOSITION OF DETRITAL BLUE AMPHIBOLES
AND THEIR ORIGIN

Blue amphiboles were found only at the Predmier locality.
They are characterized by a rich blue colour, with pleochroism
up to violet shades (Fig. 15A, B). The grains are mostly broken
and subhedral.

The microanalyses showed that the amphiboles are sodic,
with B(Na + Li)/ZB > 0.75, BNa/ZB > BLi/=B (Hawthorne et al.,
2012). Their formulas show that Al"'>Fe*" and the majority of
the amphiboles analysed plot on the field of glaucophane and
some on ferroglaucophane (Leake et al., 1997; Fig. 14). On the
basis of pressure estimation according to the sodium and alu-
minium contents (Brown, 1977), the amphiboles measured
originated at pressures between 6 and 7 kb, but closer to 7 kb
(Bellova et al., 2018).

CHEMICAL COMPOSITION OF DETRITAL PYROXENES
AND THEIR ORIGIN

Pyroxenes were found in greater amounts (>40 %) at the
Liptovska Osada and Balcova localities; several grains were
found at the Vyvrat locality (>10%). Small amounts (>1%) were
also found at the Havransky vrch and Stupné localities. The
pyroxene grains are mostly of greenish-brown colour, with faint
pleochroism, broken, mostly subhedral, but fully euhedral
grains are also common (Fig. 15C, D). According to Ca, Fe and
Mg ratios (Fig. 16), most are classified as enstatite; nine grains
were in the fields of augite and one of diopside (Morimoto et al.,
1988).

CHEMICAL COMPOSITION OF DETRITAL GARNET AND ITS ORIGIN

The garnet grains were transparent and colourless to pale
pink under the microscope; they represented mainly fragments
of crystals without preserved crystal faces or zonation. Garnets
from six localities were analysed (Fig. 17). Most of the detrital
garnet grains examined showed a clear dominance of
almandine molecules (up to nearly 74%); several grains pos-
sessed higher pyrope contents (>25% — 4 grains), thus attain-
ing a pyrope-almandine composition.

ZIRCON MORPHOLOGICAL TYPOLOGY

The vast majority of zircon grains were rounded and
anhedral, indicating that they were predominantly reworked
from older clastic rocks. Only 35 euhedral zircon crystals could
be selected for zircon typology analysis (Pupin and Turco,
1972; Pupin, 1980) from the localities of Stupné, Liptovské
Revuce, Havransky vrch, Moravské Lieskové and Brankovo
Waterfall. Statistical diagrammatic evaluation was not possible
due to the low number of grains. The most numerous were the
S;—Ss (Fig. 18A, B) and less frequently Si,, S¢7 and P4
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ARC - island-arc magmas, BABB — back-arc basin basalts, LIP — large igneous provinces, MORB — mid ocean ridge
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Fig. 10. BSE images of the tourmaline grains analysed, with complex-zoned fabric

A-C — complex-zoned fabric consisting of various phases of tourmaline represented by laths and irregular zones of schorl-dravitic tourmaline
(Srl-Drv — schorl-dravite) and bosiite (Bos), A, B —sample N4, C —sample VD1 (normally zoned core, overgrown with complex-zoned fabric);
D — complex-zoned fabric consisting of intergrown schorl-dravitic and quartz (Q) phases, sample ML2; abbreviations of mineral names from
Whitney and Evans (2010)
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Fig. 11. Classification diagram of the tourmalines measured
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Fig. 13. Ternary diagrams exhibiting Al, Fe and Mg molecular
proportions of the tourmalines analysed from the individual
units (from Henry and Guidotti, 1985)

Explanations of the diagram fields: 1 — Li-rich granitoid pegmatites
and aplites; 2 — Li-poor granitoids and their associated pegmatites
and aplites; 3 — Fe*"-rich quartz-tourmaline rocks (hydrothermally
altered granites); 4 — metapelites and metapsammites coexisting
with an Al-saturating phase; 5 — metapelites and metapsammites
not coexisting with an Al-saturating phase; 6 — Fe*"-rich quartz-tour-
maline rocks, calc-silicate rocks and metapelites; 7 — low-Ca
metaultramafics and Cr, V-rich metasedimentary rocks; 8 -
metacarbonates and meta-pyroxenites
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Fig. 16. Classification diagram of the pyroxenes analysed
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Fig. 15A, B — microphotos of blue amphiboles, Predmier locality; C, D — microphotos of pyroxenes, Balcova locality, plane

polarized light
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Fig. 17. Plot of the measured garnet (Grt) composition in the pyrope-almandine-grossular and pyrope-almandine-spessartine
classification diagrams by Méres (2008)

Sector A. White field — garnets from UHP/HP conditions. Position around No. 1a — Grt derived from UHP eclogites, garnet peridotites and
kimberlites. Position around No. 1b — Grt derived from UHP eclogites. Sector B. White field — garnets from eclogite and granulite facies con-
ditions. Position around No. 2 — Grt derived from HP eclogites and HP mafic granulites. Position around No. 3 — Grt derived from HP felsic
and intermediate granulites. Sector C. White field — garnets from amphibolite facies conditions: Sector C1 — transitional subgroup between
granulite and high amphibolite facies conditions. Position around No. 4 — Grt derived from gneisses metamorphosed under P-T transitional to
granulite and amphibolite facies conditions. Position around No. 5 — Grt derived from amphibolites metamorphosed under transitional P-T
granulite to amphibolite facies conditions. Sector C2 — subgroup amphibolite facies conditions. Position around No. 6 — Grt derived from
gneisses metamorphosed under amphibolite facies conditions. Position around No. 7 — Grt derived from amphibolites metamorphosed un-
der amphibolite facies conditions. In the C2 subgroup Grt from many other sources integrate, e.g. Grt from igneous rocks (granitoids,
syenites), Grt from HP/LT metamorphic rocks, Grt from contact-metamorphosed rocks. Grey fields — immiscibility gap of Grt end-member
compositions: A — from UHP/HP conditions, B — from eclogite and granulite facies conditions, C — from amphibolite facies conditions

Fig. 18. Representatives of the zircon morphological types

A — Havransky vrch locality, S7; B — Moravskeé Lieskové 1 locality, Sg; C — Stupné locality, P4; the scale bars represent 0.25 pm
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(Fig. 18C) zircon subtypes. Only single grains of S3, Sg, S1s,
S21.22 and Sy4 subtypes were registered.

The zircon subtypes S7-Sg of Pupin (1980) are typical of the
Tatric and Veporic Variscan granites (Broska and Uher, 1991;
Broska et al., 2012), whereas P zircon subtypes are typical of
the late to post-Variscan, mainly A-type granites and acid
volcanics of Permian age in the Western Carpathians (Broska
et al., 1993, 2012; Uher and Broska, 1996). P-types of zircon
are characteristic of the exotic Upohlav type of granite known
from the pebble material of the Klape Unit (Uher and
Marschalko, 1993). However, they are dominated by the Ps
subtype, whereas the P, subtype were present in our samples
in minor amounts.

Zircon typology under SEM reveals only the latest stages of
crystallization of the individual grains. Their complete history in
the form of zonation can be revealed only by transmitted light
microscopy or by electron microscopy of polished grains.

DISCUSSION

Our study provides an augmented set of heavy mineral data
from the Albian—Cenomanian sedimentary rocks in the West-
ern Carpathians, representing the earliest massive input of
ophiolitic detritus related to the convergence and closure of
oceanic realms during the Alpine orogeny. Herein, we empha-
size the new results which add to the discussion of Bellova et al.
(2018).

PETROGRAPHIC COMPOSITION OF THE SANDSTONES ANALYASED

Petrographic analysis showed that the samples are mostly
calcareous sandstones. The ratio of the non-calcareous com-
ponents ranks them among litharenites and sublitharenites. Ac-
cording to the provenance diagram of Dickinson (1985), their
source area can be classified as recycled orogen. These re-
sults, which show a generally immature character of the sedi-
ment, may be related to a relatively fast emer-
gence-redeposition process and correspond well with the peb-
ble analyses, since they show a great predominance of carbon-
ates and other relatively unstable components (Misik and
Sykora, 1981; MiSik et al., 1981). Moreover, the petrography re-
sults fit perfectly into the analogous, coeval, exotics-bearing de-
posits from the Eastern Alps (Von Eynatten and Gaupp, 1999).

PERCENTAGES OF HEAVY MINERAL ASSEMBLAGES

The heavy mineral data complemented by the ten new lo-
calities underlined the variability of the percentage ratios of
heavy minerals, but with a consistent dominance of
chrome-spinels, zircon, tourmaline, apatite and rutile. Other
minerals, such as garnet, titanite, kyanite, monazite and
epidote occur in lesser amounts, except for some local in-
creased proportions of garnets, pyroxenes, apatite, kyanite or
blue amphibole. Bellova et al. (2018) presented an erroneous
interpretation of the previous data, where they indicated a
seeming inconsistency in tourmaline/zircon ratio in the data
from Misik et al. (1980), Jablonsky (1986) and Jablonsky et al.
(2001). After a later revision, a clear consistency was recog-
nized instead. However, these previous data cannot be fully
compared with those presented herein for several reasons.
First, the above-cited authors used only a half-size grain frac-
tion for analysis. Our data almost completely encompasses the
average grain-size of the sandstones examined, thus most
closely approximating the true content values. Second, the pre-

vious authors counted the opaque minerals as well, which
vastly prevail in the heavy fraction, and ratios of the translucent
minerals cannot be calculated from their data. Third, MiSik et al.
(1980), Jablonsky (1986) and Jablonsky et al. (2001) counted
the Cr-spinels exclusively in transmitted light, thereby omitting a
large portion of the grains. Our counting under the binocular
lens provides a more realistic ratio of the Cr-spinels vs. other
minerals.

Statistical linear regression analysis of the heavy mineral
pairs provided new data and showed that there is a moderate
positive correlation among the ultrastable minerals of zircon,
tourmaline and rutile. This confirmed the interpretation by
Bellova et al. (2018) that an important source of the clastic sedi-
ment was most likely derived from older deposits from which the
ultrastable minerals were reworked. This is also indicated by the
very low content of euhedral zircon grains, that made it impossi-
ble to make a zircon grain typology. Although the pebble analy-
sis showed the presence of rhyolitic and granitic pebbles (Krivy,
1969; Kamenicky et al., 1974; Kamenicky and Kral, 1979; Misik
and Sykora, 1981, Uher and Marschalko, 1993) from which pri-
mary zircons might have been derived, the zircon grains re-
worked from older strata obviously form a much larger part.

The second main source is represented by the ophiolitic in-
put characterized by spinels (mainly Cr-spinels), which are lo-
cally accompanied by pyroxenes and blue amphiboles. Grains
of complexly zoned tourmaline most likely belong to this assem-
blage (Aubrecht et al., 2020), which: (1) did not appear in the
previous detrital successions of the Western Carpathians (Au-
brecht, 1993, 1994, 2001; Aubrecht and Kristin, 1995; Aubrecht
et al., 2017), (2) occurs in HP to UHP rocks accompanying
ophiolite complexes (Altherr et al., 2004; Marschall et al., 2006,
2008; Miller et al., 2009; Konzett et al., 2012; Broska et al.,
2015; Plasienka et al., 2019), (3) is most likely the portion of
tourmaline which causes the moderately positive correlation
between tourmaline and Cr-spinels. Scarcer minerals, such as
garnet, kyanite, staurolite and sillimanite also reflect some small
and uneven presence of continental-crust metamorphic rocks
(reflected also by a strong positive correlation between garnet
and staurolite). Staurolite, sillimanite and kyanite indicate the
presence of rocks metamorphosed in various P/T conditions,
but point mostly to the medium- to high-grade barrovian meta-
morphism. Heavy mineral percentages provided herein are also
highly consistent with the results from the Arosa and Walsertal
zones below the Austroalpine thrust (Winkler and Bernouilli,
1986; Winkler, 1988), as well as from the Tannheim, Losenstein
and Branderfleck formations of the lowest Upper Austroalpine
nappes in the Eastern Alps (Von Eynatten and Gaupp, 1999;
Wagreich, 2003). There is a slight difference in the contents of
blue amphiboles, which occur in the Alpine units in relatively
small, but constant amounts, which are higher in the
Branderfleck Formation (Von Eynatten and Gaupp, 1999). The
content of chloritoid grains was also constant, part of which was
related to the HP/LT blueschist-facies metamorphism (Von
Eynatten and Gaupp, 1999). In the samples presented herein,
chloritoid was not analysed.

COMPARISON OF HEAVY MINERAL DATA AND PEBBLE ANALYSIS

The constraints provided by heavy mineral analysis are
largely consistent with the previously published results of peb-
ble analysis (Misik and Sykora, 1981; Misik et al., 1981). Rocks
composing the pebble material are dominated by carbonates
(limestones and dolomites). However, they are mostly irrelevant
for comparison of the siliciclastic material. Pebbles of
siliciclastic rocks (sandstones and quartzites) are usually
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among the most common relevant rocks, and this corresponds
well with the main presumed source — older siliciclastic succes-
sions. However, the possible ophiolitic source left little informa-
tion in the gravel fraction. Pebbles of basaltic volcanic rocks oc-
cur commonly, whereas glaucophanite pebbles (lvan and
Sykora, 1993; Ivan et al., 2006), gabbros (lvan et al., 1996) and
tourmalinites with complex-zoned tourmaline (Bacik et al.,
2008) are relatively rare. Despite some mentions of serpentinite
detritus in the sand fraction (MiSik and Sykora, 1981; MiSik et
al., 1981), only one serpentinite pebble has been found so far
(P. Ivan — personal communication, 2019). This can be inter-
preted in terms of the very low resistance of serpentinized
ultrabasic rocks to weathering and transport. Although the peb-
ble material and modal analysis of the sandstones show low
sediment maturity, this is not valid for the heavy minerals. The
high ZTR index, complemented by very stable Cr-spinels, indi-
cate a very small portion of unstable minerals. Unprotected by
surrounding rock in pebbles, minerals such as amphiboles, oliv-
ine and pyroxenes have been subject to severe intrastratal dis-
solution, which also distorted the real picture that could have
been gained from the heavy mineral analysis.

Ophiolitic pebble material is strongly underrepresented with
respect to the vast amount of Cr-spinels (and other potential
ophiolitic minerals) in the sand grade material. On the other
hand, the stability of limestones as pebbles is also very low, but
these are much more common. Consequently, the most proba-
ble interpretation is that the ophiolites were resedimented from
older, Upper Jurassic ophiolitic mélanges and olistostromes,
whereas the limestones were derived from new nappes and
slices that emerged during the Albian. Alternatively, the
ophiolitic detritus was derived from more distant sources and
underwent longer transport.

PALAEOGEOGRAPHIC CONSTRAINTS

The first research concerning Western Carpathian Creta-
ceous exotic detritus was carried out by Matéjka and Andrusov
(1931), Zoubek (1931) and Andrusov (1938), who investigated
the “Upohlav” conglomerates in the Pieniny Klippen Belt. Their
source was interpreted to be an exotic Pieniny Ridge
(Andrusov, 1938, 1945), which was later renamed by Birken-
majer (1988) as the Andrusov Ridge. According to Birkenmajer
(1977, 1988), the Andrusov Ridge was positioned south of the
Kysuca—Pieniny Basin (passing into oceanic crust) and north of
the Central Western Carpathians. According to Marschalko
(1986), the transport direction of the exotic material in the Klape
Unit was from the south and south-east. This would indicate the
position of the Klape Unit north of the Andrusov Ridge. This
opinion was challenged by Birkenmajer (1988), who placed this
unit south of the ridge. The Andrusov Ridge was inferred to be
an accretionary wedge formed by subduction of the Jurassic,
Penninic-Vahic Ocean (e.g., Mahel, 1981, 1989; Birkenmajer,
1988).

In the Tatric and Fatric Poruba Formation, the transport di-
rections largely differ from those in the Klape Unit (Jablonsky,
1978, 1986). The data in the Tatric units are largely scattered,
but in general, trough-parallel transport dominated, with some
lateral transport directions coming from the south (in the Nizke
Tatry Mts.). In the Fatric units (Krizna Nappe), there were both
southern and northern sources indicated by the measurements.
Hence, MiSik et al. (1980) suggested the presence of two addi-
tional exotic sources, the Ultratatric and Ultrakrizna ridges,
which made the palaeogeographic situation quite complicated
and did not reflect the relative uniformity of the clastic material.

Pebbles of basaltic volcanics of Late Jurassic—Early Creta-
ceous K-Ar age (Rybar and Kantor, 1978; Birkenmajer and
Pécskay, 2000) would fit into an attribution to Penninic
ophiolites. Some exotic clasts were interpreted as being de-
rived from the Carpathian foreland, e.g. Namurian black coal
(Havlena, 1956; Silar, 1956) or from non-metamorphosed De-
vonian limestone (Tomas et al., 2004).

However, there are many exotic clasts which seem to be
derived from more southern zones representing the Inner
Western Carpathians and even Dinarides. There are pebbles to
blocks of southern types of Triassic, e.g. Wetterstein-type, plat-
form limestones typical of the Silicic units; exotic granitic peb-
bles (the “Upohlav-type”) are most similar to those of A-type
granites, e.g. TurCok or Velence Massif (Uher and Marschalko,
1993; Uher et al., 1994; Uher and Pushkarev, 1994; Uher and
Broska, 1996). The Devonian limestone pebbles noted above
might be alternatively derived from a more southern source,
such as the Transdanubian Central Range. Deep-water to oce-
anic Triassic deposits are very characteristic, indicating their re-
lationship with the Meliata Ocean (Misik et al., 1977
Birkenmajer et al., 1990). The Triassic deep-sea deposits found
among the pebble material of the exotic clasts (deep-water
limestones and cherts) are even older (Lower Anisian) than
those found in the Meliata Unit. Moreover, radiometric dating of
some glaucophanite pebbles indicated a Jurassic age of meta-
morphism, which is in accordance with the closure of the
Meliata ocean of the Neotethys (Rybar and Kantor, 1978; Dal
Piaz et al., 1995). A dominance of Neotethyan elements in the
exotic conglomerates led to speculations about the proximity of
the Meliata and Oravic domains (e.g., Misik, 1978; Misik and
Sykora, 1981), although later some authors favoured an alter-
native explanation of two different Triassic troughs, south and
north of the Central Western Carpathians (Birkenmajer et al.,
1990).

In the Eastern Alps, where the situation regarding the exotic
material is very similar to that in the Western Carpathians, there
has also been a long-lasting debate about the northern
(Penninic) and southern (Meliata-Vardar) sources of the
ophiolite detritus in Cretaceous deposits (e.g., Decker et al.,
1987; Pober and Faupl, 1988; Faupl and Pober, 1991; Faupl
and Wagreich,1992; Wagreich et al., 1995; Von Eynatten and
Gaupp, 1999; Wagreich, 2003). In recent times, however, a
southern source from a propagating Jurassic accretionary
wedge, which contained obducted dismembered ophiolites,
has become the consensus among researchers (e.g., Stern
and Wagreich, 2013; Krische et al., 2014; Gawlick et al., 2015).

In the Western Carpathians, in an attempt to unify both
ophiolitic occurrences, with primary in the south and secondary
(redeposited) in the north, Plasienka (1995, 1996) made the
radical suggestion that the Klape Unit belongs to the Fatric do-
main, and its exotic flysch deposits represent merely a proximal
part of the Poruba Formation turbiditic fan (the “Fatric Hypothe-
sis” further in the text). There are, however, many counter-argu-
ments against this Fatric Hypothesis (MiSik, 1996). Among
them, the most important are the diminishing size of the Poruba
Formation clasts southwards, as well as the large volume of
Coniacian-Santonian exotics in the Klape and Kysuca units of
the Pieniny Klippen Belt with identical material, which had to
originate exclusively by redeposition from Albian-Cenomanian
sediments, that is, if the Fatric Hypothesis was true. Although
there are some signs of cannibalism of earlier exotic material
during the Senonian (clasts of the Cenomanian Orlové sand-
stones and of Albian conglomerates in the Coniacian—San-
tonian deposits, etc. — MisSik and Sykora, 1981; Marschalko,
1986), the diversity of pebble material appears not to be af-
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Fig. 19. Simplified (limited number of microplates) schematic palaeogeographic map
of the Alpine-Carpathian units (Albian) in the context of the possible position of the source
of exotic ophiolitic material

fected by any resedimentation, and is even higher than in the
Albian with a higher portion of the least stable carbonate peb-
bles (Marschalko, 1986). The final, most significant counter-ar-
gument against the Fatric Hypothesis was the discovery of ex-
otic ophiolitic detritus in the Upper Aptian-Albian strata of the
Czorsztyn Unit of Oravicum (Aubrecht et al., 2009). This unit,
which was presumably deposited on the most elevated Oravic
part, the so-called Czorsztyn Ridge, was considered to be free
of any exotic material (e.g., MiSik and Marschalko, 1988) and
was interpreted to be situated on the other side of the
Kysuce—Pieniny Basin than the Andrusov Ridge. Cr-spinels
were also found in the Albian—Cenomanian Trawne Member,
which is attributed to the Branisko (Kysuca) Unit (Winkler and
Slgczka, 1994). These counter-arguments were not accepted
by Plasienka, and the Fatric Hypothesis still persists in his
palaeogeographic reconstructions of the Western Carpathians
(e.g., Plasienka and Sotak, 2015; PlaSienka, 2018, 2019).

In our interpretation, we maintain the notion put forward by
Aubrecht et al. (2009) and Bellova et al (2018) regarding the
doubled suture nature of the closed Triassic (Neotethys) oce-
anic branch. The southern suture is represented by the Meliata
suture zone and the northern one by the (Andrusov) Ridge,
which was positioned between the West-Carpathian externides
and internides. The northern branch was juxtaposed versus the
internides by strike-slip motion in the Barremian to Albian inter-
val and persisted there until the Paleogene (as the “Neopieninic
Cordillera” — Misik et al., 1991). Such an arrangement of the ex-
otic source fits well with the conclusions made by Marschalko
(1986), who argumented that the exotic source represented a
long-lasting elevation formed in a strike-slip zone rather than a
compressional wedge, which would be rapidly destroyed.

The following palaeogeographic evolution scenario is pro-
posed (Figs. 19 and 20, see also Aubrecht et al., 2009). Middle
Jurassic Penninic rifting caused detachment of the West-Car-
pathian internides (Austroalpine units) from their original posi-
tion south of the Massif Central and the Oravic segment from its
position in continuation of the Moldanubian Zone of the Bohe-
mian Massif. The NE-SW orientation of the initial rifting corre-
sponds with many palaeogeographic reconstructions (see dis-
cussion in Aubrecht and Tunyi, 2001). The Oravic segment was
originally situated in lateral continuity with the West-Carpathian
internides segments (Michalik, 1994). South of both segments,
the older Triassic Meliata Ocean was situated (part of the
Neotethys). This ocean closed in the Late Jurassic when the
crustal segments, which were derived from the North-European
Platform, collided with the South-Alpine/Dinaridic segments.
Remnants of the ocean were arranged in a subduction mélange
along the Meliatic suture zone. During the Cretaceous, the
amalgamated blocks rotated further clockwise to their final
NW-SE orientation in the Paleogene (see Tunyi and Marton,
2002; Csontos and Vords, 2004; Kovag et al., 2016). The rota-
tion caused detachment of the Oravic segment from its lateral
position, and its relative lateral shift along the northern margin of
the Central Western Carpathians (Fig. 19). The Meliatic
mélange was then secondarily positioned in the zone between
the Oravic segment and Central Western Carpathians, where it
formed an elevated ridge (Andrusov ridge) that became the
source of exotic pebbles and ophiolitic detritus. The ridge simul-
taneously fed the Klape, Tatric and Fatric units on the SW and
the Oravic units on the NE (Fig. 20).
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CONCLUSIONS

Sandstones from the Albian—Cenomanian exotics-bearing
flysch deposits were analysed for their heavy-mineral content
(Klape Unit in the Pieniny Klippen Belt, Tatric and Fatric zones
of the Central Western Carpathians, Manin Unit of the Pieniny
Klippen Belt and the Orava Unit of the Pieniny Klippen Belt. The
results are as follows:

1. The sandstone samples analysed are fine- to me-
dium-grained, petrographically mostly being litharenites (Klape
and Orava units), with overlap on sublitharenites (Tatric units)
and quartz arenites (Fatric and Manin units).

2. Most of the heavy-mineral samples were dominated by
chrome-spinels, zircon, tourmaline, apatite and rutile in various
ratios. Garnet is relatively rare and unevenly distributed, with lo-
cal abundances of up to 78%. At the Havransky vrch locality,
there is a considerable kyanite content. In some samples, there
were important occurrences of blue amphiboles and pyroxenes.
No significant differences were observed between the individual
units.

3. The heavy mineral spectra analysed indicate a large input
of minerals of predominantly ophiolitic provenance, such as
Cr-spinels, blue amphiboles, and complex-zoned tourmaline.
Zircon, the remaining tourmaline, and rutile were likely derived
from older sediments. Unevenly distributed garnet, staurolite,
kyanite, and sillimanite, which occurred in relatively small
amounts, were mostly derived from metamorphic rocks of the
continental crust of various grade of metamorphism. The pyrox-
enes are not necessarily related to an ophiolitic source, but may
have been derived from coeval Albian volcanic rocks.

4. The results show a close similarity with the coeval strata
from the Eastern Alps and other exotics-bearing successions in
the Alpine-Carpathian-Dinaridic area.

5. The results are partially inconsistent with previous pebble
analyses, since pebbles derived from the ophiolitic source are
quantitatively underrepresented with respect to the dominant
Cr-spinels in the sand fraction. This can be explained by lower
resistance of the ophiolite rocks (mainly serpentinites), and by
contrast the strong resistance of Cr-spinels to alteration. How-
ever, the great prevalence of even less resistant carbonate peb-
bles indicate that the ophiolites might have been resedimented
from earlier, Jurassic mélange deposits, whereas the carbonates
were derived from primary nappe units in the vicinity.

6. Based on the Jurassic ages of high-pressure metamor-
phism detected in the glaucophanite pebbles, we support the
idea that the ophiolitic source represented a Triassic suture of
the Neotethys rather than from a Jurassic Penninic one. Our
palaeogeographic model is based on a tectonic secondary dou-
bling of this suture zone, which was placed north of the Central
Western Carpathians by lateral transport of the Oravic seg-
ment, thus forming a common source for exotic clasts to the
Pieniny Klippen Belt and to the Central Western Carpathians.
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