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Fig. 2. Simplified lithostratigraphic column of the principal Oravic units of the Pieniny Klippen Belt (according to Pla-
šienka, 2012a)
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Fig. 3. Lithostratigraphic profile of the Jar-2 borehole, with the position of the samples taken for the heavy mineral ana-
lysis (modified after Plašienka et al., 2012)



Mineralia Slovaca, 57, 2 (2025)

116

clastic material derived dominantly from destroyed fronts 
of the advanced nappe stack (the Subpieniny and Pieniny 
thrust sheets). 

Sampling and MethodsSampling and Methods

The studied material comes from a natural outcrop of 
thin-bedded fine-grained sandstones of the hemipelagic 
Turonian-Campanian Malinowa Fm. (Fig. 1, Tab. 1) and 
from thin-bedded siltstones to fine- to medium-grained 
sandstones of the core material of the structural borehole 
Jar-2 (Tab. 1, Figs. 1, 3), that penetrated a turbiditic 
sequence of the Maastrichtian-Ypresian Jarmuta-Proč Fm. 
of the Šariš Unit (Plašienka et al., 2012). Two boreholes 
Jar-1 and Jar-2 were drilled in winter 2009 near the village 
of Jarabina in the Pieniny sector of the PKB in eastern 
Slovakia (Figs. 1, 3). The Jar-2 borehole, with a core 
diameter of 4 cm, was continuously drilled to the final depth 
of 140 m. The borehole penetrated strongly deformed and 
overturned imbrications of the sedimentary successions 
of the Subpieniny nappe and several sequences of the 

Middle to Upper Cretaceous-Lower Eocene synorogenic 
sediments of the Šariš Unit (Fig. 3) (for more details, see 
Plašienka et al., 2012). The core material is stored at the 
Geological repository and borehole core collections of the 
State Geological Institute of Dionýz Štúr in Bratislava 
(Slovakia). 

The sandstone samples for heavy mineral analyses (at 
least 1 kg each, due to availability of the core material) 
were cleaned, crushed and sieved under 250 μm. Then 
the 63–125 μm fraction was soaked in 10 % diluted cold 
acetic acid for at least 24 hours to dissolve carbonate 
content. After acidic treatment the fraction was cleaned 
in an ultrasonic bath and dried in an oven. Such prepared 
fraction was ready for the heavy liquid separation in 
LST heavy liquid (2.85 g/cm3) using a separating funnel. 
Associations of heavy minerals were studied under 
a petrographic microscope Zeiss Axiom Scope A.1 and 
a stereomicroscope Olympus SZ-61 in both transmitted 
and reflected light. At least 200 grains were counted using 
the ribbon counting method (Galehouse, 1971) and shown 
as number percentages (Tab. 2). 

Tab. 1 
List of samples for heavy mineral analysis, with their geographic coordinates, lithostratigraphy and position  

in the borehole Jar-2

Sample Locality Lithostratigraphy Lat Lon Note

Jar-2a Jarabina, 
borehole Jar-2 Jarmuta-Proč Fm. 49.356583 20.638367 depth 33.0–33.4 m 

Jar-2b Jarabina, 
borehole Jar-2 Jarmuta-Proč Fm. 49.356583 20.638367 depth 52.5–52.7 m

Jar-2c Jarabina, 
borehole Jar-2 Jarmuta-Proč Fm. 49.356583 20.638367 depth 55.3 m

Lu-5a Ľutina Malinowa Fm. 49.180861 21.042472 outcrop

Lu-5b Ľutina Malinowa Fm. 49.180861 21.042472 outcrop

Tab. 2 
Frequencies of individual heavy minerals in the sandstones studied. Abbreviations of minerals (Whitney & Evans, 

2010): Zrn – zircon, Tur – tourmaline, Rt – rutile, Grt – garnet, Spl – spinel, Ap – apatite, Cld – chloritoid,  
Ep – epidote, ZTR – zircon-tourmaline-rutile index, proportion of ultra-stable minerals (Hubert, 1962)

Sample Zrn Tur Rt Grt Spl Ap Cld Ep ZTR

Jar-2A 1.0 26.9 8.5 36.3 0.5 24.9 1.0 1.0 36.3

Jar-2B 5.0 7.5 5.5 64.0 1.0 17.0 0.0 0.0 18.0

Jar-2C 5.4 5.9 7.9 69.0 1.0 10.8 0.0 0.0 19.2

Lu-5A 10.3 8.3 34.3 40.7 2.9 3.4 0.0 0.0 52.9

Lu-5B 12.5 2.5 22.5 59.0 3.0 0.5 0.0 0.0 37.5
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Selected minerals including garnets, tourmalines 
and Cr-rich spinels were hand-picked, placed in an 
epoxy resin, polished and carbon coated for microprobe 
analyses. Chemical compositions of the selected minerals 
were analysed using a JEOL JXA-8530FE microprobe 
(Earth Science Institute of the Slovak Academy of 
Sciences, Banská Bystrica, Slovakia) under the following 
conditions: accelerating voltage 15 kV, sample current 
20 nA, probe diameter 2–5 μm, counting time 10 s – peak 
and 5 s for background, ZAF correction. The standards 
used, including lines and detection limits (in ppm) were: 
Ca (Kα, 19–21) – diopside, Mn (Kα, 49–62) – rhodonite, 
Si (Kα, 45–50) – quartz, Mg (Kα, 35–37) – olivine, F 
(Kα, 112–294) – fluorite, Na (Kα, 31–36) – jadeite, Al 
(Kα, 38–40) – kyanite, K (Kα, 29–38) – orthoclase, Fe 
(Kα, 43–57) – hematite, Ti (Kα, 35–38) – rutile, Cr – (Kα, 
71–130) – Cr2O3, Cl (Kα, 27–34) – tugtupite. The analyses 
of detrital garnets were normalized to 12 oxygens. The 
Fe2+/Fe3+ was calculated assuming full occupancy. The 
chemical formulae of detrital tourmalines were calculated 
based on 15 Y + Z + T cations, WO2– was obtained from 
the charge-balanced formula and OH was calculated as 
OH = 4 – Cl – WO apfu. B2O3 was calculated assuming 
3.0 B apfu and H2O was calculated by considering OH + 
O + F + Cl apfu. The analyses of detrital Cr-rich spinels 
were calculated based on 3 cations and Fe2+ and Fe3+ were 
allocated according to the ideal stoichiometry.

ResultsResults

Heavy mineral assemblages

The dominant heavy mineral in the JAR-2A, B, 
C samples is garnet (36–69 %) followed by apatite 
(11–25 %), tourmaline (6–27 %), rutile (6–9 %) and 
zircon (1–5 %). Subordinate is Cr-rich spinel, epidote 
and chloritoid (~1 %). In the samples from the Malinowa 
Fm. garnet (41–59 %) and rutile (23–34 %) are dominant 
heavy minerals with lesser amount of ultra-stable zircon 
(10–13 %) and tourmaline (3–8 %). Compared to the 
samples of the Jarmuta-Proč Fm. the amount of Cr-rich 
spinel is slightly higher ~3 %, while apatite is much less 
present (1–3 %). The ZTR index (Hubert, 1962) indicates 
moderate maturity and is slightly higher in the samples 
from the Malinowa Fm. (Tab. 2). 

Garnets occur mostly as subangular to subrounded 
grains showing extensive signs of corrosion. Corrosive 
features include etched facets and etch-pits. Ultra-stable 
zircon, tourmaline and rutile occur as angular to subrounded 
grains. Rounded grains were very rare. The ultra-stable 
minerals show initial to advanced corrosion, especially in 
tourmaline grains. Apatite is preserved in a form of short 
subhedral to subrounded grains with incipient signs of 
corrosion indicating their detrital origin. Cr-rich spinels 
represent angular to subrounded dark brown, red brown or 

almost black unaltered fragments. Sporadically preserved 
minerals such as epidote and chloritoid display advanced 
signs of corrosion.

Chemical composition of garnets

Almandine-rich garnets with variable grossular, 
pyrope, and spessartine proportions dominate the 
examined garnet population in both formations (Fig. 4, 
Supplementary Tab. S1). Most of the analysed garnets 
lack inclusions or distinct optical zonation. In few cases 
inclusions of quartz were observed. The garnet population 
is slightly more diversified in the Jarmuta-Proč Fm. than 
in the Malinowa Fm., particularly with more variable 
grossular molecule proportions (Fig. 4). In the Jarmuta-
Proč Fm. the almandine-pyrope garnets with low content 
of grossular and spessartine (Alm69–85 Prp10–25 Grs<10, Sps<10) 
are the most frequent. These garnets could originate in 
mica-schists, gneisses metamorphosed under amphibolite 
or transitional granulite to amphibolite facies conditions. 
The second group involves almandine-spessartine garnets 
with low pyrope and grossular molecules (Alm72–77 Sps10–40 
Prp6–14 Grs<10). Such garnets might come from granitoids 
(Mange & Morton, 2007). The third group comprises 
garnets with higher grossular molecule and with variable 
pyrope and spessartine molecules (Alm55–81 Grs11–30 Prp1–18 
Sps1–23). Their source rocks might be amphibolites. 

In the Malinowa Fm., the almandine-pyrope and 
almandine-spessartine garnets are the most frequent 
garnets as well. Here, garnets with higher proportion of 
grossular can be divided into two groups either with high 
pyrope and low spessartine (Alm59–73 Grs10–20 Prp14–27 Sps<2) 
or with increased spessartine and low-pyrope molecule 
(Alm57 Grs26 Sps12 Prp5). The former could originate in 
more basic metamorphic rocks metamorphosed under 
higher amphibolite and/or transitional amphibolite to 
granulite facies conditions, the latter could come from 
gneisses or amphibolites metamorphosed under lower 
amphibolite facies conditions.

Chemical composition of tourmalines

Analysed tourmalines display complex optical zo-
ning (Fig. 5). Altogether 74 analyses, representing spot 
analyses placed in distinct optical zones were carried out 
to reveal possible changes in chemical compositions in-
dicative of their evolution (Supplementary Tab. S2). Any 
obvious distinction in chemical compositions between the 
studied formations has been observed. Based on the do-
minant occupancy of the X site most of the tourmalines 
belong to the X-vacant group, less to the alkali group and 
few tourmalines belong to the calcic group (Fig. 6A). The 
X-vacant tourmalines have moderate number of vacan-
cies and display magnesio-foititic to foititic compositions 
(Fig. 6B). The alkaline tourmalines have dravitic-schorli-
tic compositions (Fig. 6B, Supplementary Tab. S2). Two 
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calcic tourmalines show uvite to feruvite compositions 
(Fig. 6C). The magnesio-foititic and foititic tourmalines 
forms either cores of grains, oscillatory zones or optically 
distinct complex zones and rims (Fig. 5A, B, C, D, G). 
Some grains or zones of dravitic-schorlitic composition 
show fine complex intergrowths with quartz, which often 
overgrow the cores or zones of magnesio-foititic to foititic 
tourmalines (Fig. 5B, D, E). Zones of dravitic-schorlitic 
compositions contain abundant mineral inclusions repre-
sented by quartz, rutile, zircon, monazite, ilmenite, apatite, 
allanite, albite and Fe-oxides (Fig. 5B, D, E). Some of the 
tourmaline grains with distinct optical zonations do not 
show compositional variations (Fig. 5F, G). 

Sources of the analysed tourmalines represent mostly 
metasedimentary rocks both coexisting and not coexisting 
with Al-saturation phase and iron-rich quartz-tourmaline, 
calc-silicate rocks and metapelites (Fig. 7A). Lesser 
number of tourmalines could originate also in Li-poor 
granitoids and associated pegmatites and aplites. In the 
Fetot-Mg-Ca diagram (Henry & Guidotti, 1985) the ana-
lysed tourmalines plot mostly in the fields of Ca-poor me-
tasedimentary rocks, less in the field of Li-poor granitoids 
and related pegmatites and aplites (Fig. 7B). 

Chemical composition of Cr-rich spinels

In total, 26 detrital Cr-rich spinels were analysed 
(Supplementary Tab. S3). The analysed Cr-rich spinels 

do not show signs of alteration or zonation (Fig. 5). The 
Al2O3 content vary in the samples from the Jarmuta-Proč 
Fm. in the narrow range 22.31 to 26.87 wt % and TiO2 
content is very low < 0.11 wt % (Fig. 8A). In the samples 
from the Malinowa Fm., the Al2O3 and TiO2 contents are 
more variable in the range 6.04 to 39.10 and < 0.41 wt %, 
respectively (Fig. 8A). Only few spinel grains from the 
Malinowa Fm. have the TiO2 concentrations higher than 
0.2 wt % (Fig. 8A), which point to their origin in volcanic 
rocks (Lenaz et al., 2000; Kamenetsky et al., 2001). The 
volcanic spinels correspond mostly to the compositions of 
arc and/or back-arc basin basalts (Fig. 8A). Rare inclusions 
observed in the volcanic spinels consist of clinopyroxene 
with diopside composition (Supplementary Tab. S4). 

Almost all analysed Cr-rich spinels in both formations 
have the Fe2+/Fe3+ ratio higher than 4, what is characteristic 
for mantle peridotites (Lenaz et al., 2000; Kamenetsky et 
al., 2001). Analysis of occasional mineral inclusions in the 
Cr-rich spinels from peridotites showed that they consist 
of orthopyroxene with composition of Mg-rich enstatite 
end-member (Supplementary Tab. S4). The Cr# and Mg# 
in the samples from the Jarmuta-Proč Fm. were ~0.5 and 
~0.6, respectively. In the Malinowa Fm., the Cr# and Mg# 
vary between 0.32 to 0.87 and 0.35 to 0.69, respectively. 
In the Cr# vs. Mg# diagram (Pober & Faupl, 1988), the 
analysed Cr-rich spinels best match the harzburgite field 
and/or podiform chromitite field (Fig. 8B).

Fig. 4. Triangular pyrope-almandine-grossular and pyrope-almandine-spessartine discrimination diagrams for garnets 
(after Méres, 2008; Aubrecht et al., 2009)
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Fig. 5. BSE images of the analysed detrital tourmalines (A – G) and Cr-rich spinels (H, I). The tourmalines show distinct 
optical zoning often with contrasting chemistry. The Cr-rich spinels, either of peridotitic (H) or volcanic origin (I), show 
no signs of alteration or zonations. Abbreviations after (Whitney & Evans, 2010) except for tourmaline species where: 
Foi – foitite, Feut – feruvite; Mg-O-Foi – “magnesio-oxy-foitite”; Fe-O-Foi – “oxy-foitite”
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Fig. 6. A) Ternary system for the primary tourmaline groups based on the dominant occupancy of the X site; B) binary 
classification diagram for establishing the appropriate tourmaline subgroups in the alkali and X-vacant groups; C) binary 
classification diagram for establishing the appropriate tourmaline subgroups in the calcic group (according to Henry et 
al., 2011)
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Fig. 7. Triangular Al-Al50Fe50-Al50Mg50 diagram in A) and Ca-Fetot-Mg diagram in B) (in molar proportions) discrimina-
ting tourmalines originated in various rock types (after Henry & Guidotti, 1985)

Fig. 8. A) The Al2O3 vs. TiO2 diagram with Cr-rich spinel discrimination fields (after Kamenetsky et al., 2001). Explana-
tions: SSZ = supra-subduction zone, MORB = mid-ocean ridge basalts, BABB = back-arc basin basalts, ARC = island-arc 
magmas, OIB = ocean-island basalts, LIP = large igneous province. B) The Cr# versus Mg# diagram for Cr-rich spinels 
(Pober & Faupl, 1988)
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DiscussionDiscussion

Provenance of garnets

Garnet is the most frequent heavy mineral in both 
studied formations (Tab. 2). It fits the reported increasing 
garnet contents in the Upper Cretaceous to Lower 
Eocene synorogenic deposits of the PKB (Salata, 2004; 
Oszczypko & Salata, 2005; Aubrecht et al., 2009, 2020a, 
2021; Bónová et al., 2018; Madzin et al., 2019). The 
increasing trend has been attributed to a new influx of 
garnets and associated heavy minerals, especially apatite 
and rutile, from continental metamorphic and magmatic 
rocks (Aubrecht et al., 2021). Chemical analyses of detrital 
garnets showed that almandine-rich garnets prevail. The 
garnet population is slightly more diverse in the Jarmuta-
Proč Fm. than in the Malinowa Fm., which might indeed 
reflect the new input of garnets from medium-grade 
basic metamorphic rocks during the latest Cretaceous. 
Almandine is the most frequent garnet type observed in 
the Upper Cretaceous to Lower Eocene clastic formations 
throughout the PKB (Salata, 2004; Oszczypko & Salata, 
2005; Aubrecht et al., 2009, 2020a, 2021; Bónová et al., 
2018; Madzin et al., 2019). Garnets with high content of 
pyrope molecule (Prp>30), derived from eclogites or mafic 
granulites, reported from the Jarmuta-Proč Fm. of the more 
eastern part of the PKB (Madzin et al., 2019) or from the 
Turonian Snežnica Fm. of the Kysuca (Pieniny) Unit of the 
Orava sector (Aubrecht et al., 2021) were not observed in 
our examined material. The analysed garnets were derived 
mostly from low- to mid-/high-grade polymetamorphic 
terrains. Some of the almandine-rich garnets could also 
come from granitoid rocks (cf. Oszczypko & Salata, 2005; 
Bónová et al., 2018; Madzin et al., 2019). 

The almandine garnets with the low pyrope, higher 
grossular and variable spessartine molecule proportions 
(Alm>55 Grs12–30Prp<5Sps1–24) are similar to almandine-
dominated garnets described recently from a blueschist-
facies metabasite pebble of the Albian-Cenomanian 
exotics-bearing conglomerates of the Peri-Klippen Klape 
Unit and from the HP/LT metamorphosed Bôrka Nappe of 
the Meliata Unit (Putiš et al., 2023). The dating revealed 
their almost identical Late Jurassic Lu-Hf garnet ages of 
152.1 ± 1.5 Ma and 153.95 ± 0.69 Ma, respectively, and 
comparable P-T metamorphic conditions (Putiš et al., 
2023). Accordingly, a part of the detrital garnets might have 
been derived from the Meliata Unit originally deposited 
in mid-Cretaceous flysch of the Fatric Klape or analogous 
units and then resedimented into the Upper Cretaceous to 
Eocene Jarmuta-Proč Fm. (see e.g., Plašienka et al., 2019).

Provenance of tourmalines

Detrital tourmalines represent one of the most frequent 
transparent heavy minerals in the Upper Cretaceous to 

Lower Eocene flysch deposits of the PKB and neighbouring 
Peri-Klippen Zone (Oszczypko & Salata, 2005; Bellová 
et al., 2018; Bónová et al., 2018; Madzin et al., 2019; 
Aubrecht et al., 2020a, 2020b, 2021; Madzin & Plašienka, 
2022). The presented chemical compositions of detrital 
tourmalines from the Malinowa and Jarmuta-Proč Fms. 
reveal their derivation mostly from low- to medium-grade 
metamorphic rocks and to a lesser extent also from granitoid 
rocks (Fig. 7). Distinct optical zoning with very often 
contrasting chemistry points to a complex polymetamorphic 
history of the analysed tourmalines. Recently, heavy 
mineral analyses of the mid- to Late Cretaceous exotics-
bearing formations of the Central Western Carpathians 
(CWC) and PKB revealed considerable amounts of 
complex-zoned tourmalines that could have been derived 
from decompressed (exhumed) HP/LT ultramafic rocks 
of the Meliata ophiolite-bearing complexes (Bellová et 
al., 2018; Plašienka et al., 2019; Aubrecht et al., 2020a, 
2020b, 2021). The poikiloblastic “mosaic” tourmalines 
with obvious bosiite trend (Bačík et al., 2018; Aubrecht 
et al., 2020b) have not been observed in our sampled 
material, but similar complex-zoned magnesio-foititic 
to foititic and schorlitic-dravitic tourmalines with fine 
intergrowth with quartz and abundant mineral inclusions 
represent the dominant types in the deposits studied (Fig. 
5). Such magnesio-foititic to foititic tourmalines have not 
been detected in the previous heavy mineral studies of 
the Jarmuta-Proč Fm., where optically zoned tourmalines 
show only dravitic-schorlitic compositions (Oszczypko 
& Salata, 2005; Madzin et al., 2019). Similar magnesio-
foititic to foititic tourmalines were recently found also 
in the Upper Cretaceous-Paleocene turbiditic deposits 
of the Pupov Fm. from the Peri-Klippen Zone of the 
Kysuca sector of the PKB (Madzin & Plašienka, 2022). 
The magnesio-foititic to foititic tourmalines are quite 
unusual, however their primary occurrences have already 
been described from the CWC in alpine-type hydrothermal 
veins cutting the crystalline basement rocks of the Tatric 
(Uher et al., 2009) and Gemeric units (Bačík et al., 2017, 
2018). The distribution of the hydrothermal veins has been, 
however, considered to be limited as an important regional 
source for the complex-zoned tourmalines (Aubrecht et 
al., 2020a, 2020b). More probably, the complex-zoned 
tourmalines might come from the HP/LT ultramafic rocks 
of the Meliata ophiolite-bearing complexes (Bellová 
et al., 2018; Aubrecht et al., 2020a, 2020b; Plašienka 
et al., 2019). The apparent controversy related to their 
presence in the flysch formations deposited on the other 
(external) side of the orogenic belt and their derivation 
from the distant southern Western Carpathian zones can 
be explained by a multiple recycling model as proposed 
for the derivation of ophiolitic debris in the Cretaceous 
to Paleogene flysch formations of the CWC and PKB 
(Plašienka, 2012a and references therein). The Meliata 
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ophiolite-bearing complexes were exposed to erosion 
during the Lower Cretaceous in the southern Western 
Carpathian zones and the ophiolitic debris together with 
the “exotic” pebble material was primarily deposited in the 
Albian-Cenomanian flysch deposits of the Poruba Fm. in 
the Fatric Zliechov Basin (Plašienka, 1995a, 1995b, 1996; 
Plašienka, 2012a). The Poruba Fm. was, as a part of the 
Fatric nappe system, emplaced during the Late Turonian 
into a false accretionary wedge position behind the outer 
Tatric margin, thereby becoming a part of the Klape Unit 
in the Peri-Klippen Zone (Plašienka, 1995a, 1995b, 1996, 
2012a; Prokešová et al., 2012; Plašienka et al., 2019). In 
such way, the mid-Cretaceous flysch formations of the 
Klape Unit, already incorporated into the developing 
accretionary wedge, could form the “proximal” source of 
ophiolitic debris and complex-zoned tourmalines for still 
younger synorogenic deposits in the foredeep basins of the 
PKB and adjoining zones (Plašienka, 2012a; Plašienka & 
Soták, 2015; Plašienka et al., 2019; Madzin & Plašienka, 
2022). The poor roundness of tourmaline grains may 
intuitively look contradictory to their supposed recycled 
origin in the parental Klape/Poruba flysch formations. 
However, tourmaline represents one of the ultra-high 
stable minerals, which can survive multiple sedimentary 
cycles (Hubert, 1962; Morton & Hallsworth, 1999, 
2007), and unlike to pebbles in gravel, which are prone 
to rounding, abrasion of psammitic fraction is a very 
slow and ineffective process during transport in aqueous 
conditions (e.g., Garzanti, 2017).

Provenance of Cr-rich spinels

Significant amounts of Cr-rich spinels with decreasing-
upward trend were found in the Upper Cretaceous to Lower 
Eocene flysch deposits of the PKB (Winkler & Ślączka, 
1992, 1994; Salata, 2004; Oszczypko & Salata, 2005; 
Bónová et al., 2018; Madzin et al., 2019; Aubrecht et al., 
2009, 2020a, 2021). Comparison of Cr-rich spinel contents 
between the Turonian-Campanian Malinowa Fm. of the 
Šariš Unit and contemporaneous Turonian-Santonian 
Snežnica and Sromowce Fms. of the Kysuca (Pieniny) 
Unit (Aubrecht et al., 2021) shows the obvious depletion 
of ophiolitic debris in the former. It might be attributed 
to a more distal position of the Šariš Basin, where the 
Malinowa Fm. was deposited, compared to a proximal 
position of the Pieniny Basin, where turbiditic sandstones 
and conglomerates of the Snežnica and Sromowce Fms. 
received large amounts of ophiolitic debris and polymict 
pebble material during the Late Cretaceous (cf. Plašienka, 
2012a).

The chemical compositions of the analysed Cr-rich 
spinels point to their origin predominantly in supra-sub-
duction zone peridotites of harzburgitic composition and 
sporadically also in volcanic rocks (cf. Oszczypko & Sa-

lata, 2005; Aubrecht et al., 2009, 2020a, 2021; Bónová et 
al., 2018; Madzin et al., 2019). The source of the ophio-
litic detritus in the Upper Cretaceous clastic deposits of 
the PKB has been generally considered to be the same as 
for the material of the exotics-bearing Albian-Cenomanian 
conglomerates of the Klape Unit (Mišík & Marschalko, 
1988; Dal Piaz et al., 1995; Kissová et al., 2005; Aubrecht 
et al., 2009; Plašienka, 2012a). Although, the origin, pa-
leogeographic position and interpretation of the Klape 
Unit is a subject of decades-lasting debates, there exists 
a consensus, that the ophiolitic detritus comes from the 
Neotethyan Meliata ophiolite-bearing complexes situated 
in the southern Western Carpathian zones (for compre-
hensive review see recent works by Aubrecht et al., 2009; 
Plašienka, 2012a; Bellová et al., 2018; Plašienka et al., 
2019; Aubrecht, et al., 2020a, 2020b, 2021). Interestingly, 
Cr-rich spinels from serpentinized peridotite bodies of the 
Meliata ophiolite-bearing complexes show mostly lher-
zolitic composition (Mikuš & Spišiak, 2007). In contrast, 
detrital Cr-rich spinels from harzburgitic sources dominate 
in the Upper Jurassic to Cretaceous synorogenic forma-
tions throughout the whole Alpine-Carpathian-Dinaridic 
orogenic system (Pober & Faupl, 1988; Mikes et al., 2008; 
Lužar-Oberiter et al., 2009; Gawlick et al., 2015; Bellová 
et al., 2018; Aubrecht et al., 2020a). The source of harzbur-
gitic Cr-rich spinels has been interpreted to be in obducted 
Jurassic Neotethyan ophiolites predominantly of harzbur-
gitic composition (Gawlick et al., 2015, 2020), situated in 
a higher nappe position over the older almost completely 
subducted Triassic Neotethyan ocean floor predominantly 
of lherzolitic composition (e.g., Bortolotti et al., 2013). 
The ophiolitic nappe stack is however missing in the 
Western Carpathians and its existence may be witnessed 
only in polygenetic ophiolite-bearing mélanges (Plašien-
ka et al., 2019; Molčan Matejová et al., 2025), while pure 
ophiolitic mélanges below overriding ophiolite nappes are 
well-preserved in the Dinaric-Hellenic orogenic belt (e.g., 
Gawlick & Missoni, 2019 and references therein). 

The original concept assumed the source of the exotic 
material in an exotic ridge, known as the Pieniny or the 
Andrusov Ridge (Mišík & Sýkora, 1981; Birkenmajer, 
1988; Mišík & Marschalko, 1988). The Andrusov 
Ridge should have been situated between the Oravic-
Vahic sedimentary realm and the CWC domain and was 
interpreted as an accretionary wedge, formed by the 
subduction of the South Penninic Vahic Ocean (in sense 
of Maheľ, 1981, 1989; Birkenmajer, 1988). However, 
the age and composition of the exotic conglomerates, 
dominantly of “southern” Meliata-related origin, is 
inconsistent with the Upper Jurassic to Lower Cretaceous 
structural, magmatic and sedimentary record from the 
external Tatric margin (Plašienka, 1995a, 1995b, 1996, 
2012a). Consequently, the Klape flysch formations were 
interpreted to be an analogue to the Albian-Cenomanian 



Mineralia Slovaca, 57, 2 (2025)

124

Poruba flysch formations of the Tatric and Fatric units of 
the CWC, situated in a false accretionary wedge position 
where they formed the source of ophiolitic debris recycled 
to younger sediments of the foreland basins of the PKB 
(as described in Provenance of tourmalines section above) 
(Plašienka, 1995a, 1995b, 1996, 2012a; Plašienka et al., 
2019). The high vs low Cr-rich spinel content in proximal 
vs distal Turonian-Campanian deposits of the Pieniny 
and Šariš Basins, respectively, might support the multiple 
recycling model as well. 

Another model explaining how the Meliata ophiolite-
bearing complexes could become the source for the 
ophiolitic debris and exotic conglomerates of the PKB 
(Aubrecht et al., 2009; Bellová et al., 2018; Aubrecht 
et al., 2020a). In this model, the Oravic crustal segment 
originally formed a lateral continuation of the CWC, 
and both units were situated north of the Meliata oceanic 
realm (e.g., Michalík, 1994; Aubrecht et al., 2009). After 
the closure of the Meliata Ocean in the Late Jurassic, the 
Meliata suture zone was welded to the southern (internal) 
parts of both the CWC and Oravic segment. Later during 
the Cretaceous, the Meliata ophiolite complex was 
secondarily doubled by a left-lateral shift of the Oravic 
crustal segment along the northern (external) margin of 
the CWC block due to its clockwise rotation (Aubrecht & 
Túnyi, 2001). A long-lived elevation, the Andrusov Ridge, 
formed within a complex shear zone between the two 
rotated crustal segments (e.g., Rakús & Marschalko, 1997; 
Marschalko & Rakús, 1997). In this way, the Andrusov 
Ridge could feed the Cretaceous clastic formations of both 
the CWC and PKB units with pebble material and ophiolitic 
detritus for a long time (Aubrecht et al., 2009, 2020a; 
Bellová et al., 2018). However, structural arguments for 
such movements of the Oravic segment have not yet been 
presented and the new paleomagnetic data proved that the 
large clockwise rotation of the CWC block is younger than 
the Late Turonian-Santonian (Grabowski, 2000; Márton et 
al., 2020; Madzin et al., 2026).

ConclusionsConclusions

The heavy mineral analysis and detrital garnet, tour-
maline and Cr-rich spinel chemical compositions from 
fine-grained turbiditic sandstones of the Maastrich-
tian-Ypresian Jarmuta-Proč Fm. (samples from the bo-
rehole Jar-2) and from fine-grained sandstones of the 
hemipelagic Turonian-Campanian Malinowa Fm. (sam-
ples from outcrop) of the Šariš Unit of the Pieniny Klippen 
Belt in eastern Slovakia showed that:
1.	 Almandine-rich garnets with variable grossular, pyro-

pe, and spessartine proportions dominate the examined 
garnet population in both formations. The analysed 
garnets were derived mostly from low- to medium/
high-grade polymetamorphic terrains. The slightly 

more diverse garnet population of the Jarmuta-Proč 
Fm. might reflect a new input of garnets from me-
dium-grade, prevailingly basic metamorphic rocks du-
ring the latest Cretaceous. Some of the almandine-rich 
garnets could come from granitoid rocks.

2.	 Distinct optical zoning with very often contrasting che-
mistry point to a complex polymetamorphic history of 
the analysed tourmalines. The unusual complex-zoned 
tourmalines are represented mostly by X-vacant mag-
nesio-foititic to foititic and schorlitic-dravitic tourma-
lines with fine intergrowths with quartz and abundant 
mineral inclusions. 

3.	 Most of the analysed Cr-rich spinels in both studied 
formations show chemistry typical for supra-subduc-
tion zone peridotites. Sporadic volcanic spinels corres-
pond to the compositions of arc and/or back-arc basin 
basalts. 

4.	 The chemistry of the Cr-rich spinels and complex-zo-
ned tourmalines supports their common provenance in 
the Meliata ophiolite-bearing complexes of the internal 
Western Carpathian zones.

5.	 The decreasing-upward Cr-rich spinel contents in the 
Upper Cretaceous to Lower Eocene flysch deposits 
of the PKB is evident. A multiple recycling model in 
which the Klape flysch formations situated in a false 
accretionary wedge position formed the “proximal” 
source of ophiolitic debris recycled to the younger 
flysch formations of the foreland basins is advocated. 
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Analýza ťažkých minerálov vrchnokriedových až spodnoeocénnych 
synorogenetických sedimentov pieninského bradlového pásma  

(šarišská jednotka, východné Slovensko): nové údaje z vrtu Jar-2  
(jarmutsko-pročské s.) a odkryvov (malinowské s.)

Článok prezentuje nové výsledky analýzy ťažkých 
minerálov a chemické zloženie detritických granátov, tur-
malínov a Cr-spinelov z jadrového vrtného materiálu štruk-
túrneho vrtu Jar-2, ktorý prenikol cez turbiditné pieskovce 
mástrichtsko-spodnoeocénneho jarmutsko-pročského sú-
vrstvia, a z  jemnozrnných pieskovcov hemipelagického 
turónsko-kampánskeho malinowského súvrstvia (vzorky 
z  odkryvu) šarišskej jednotky pieninského bradlového 
pásma (PBP) na východnom Slovensku. V asociáciách 
ťažkých minerálov jarmutsko-pročského súvrstvia domi-
nujú granát, apatit a turmalín. O niečo menej zastúpené sú 
rutil a zirkón. Sporadicky sa vyskytuje Cr-spinel. V ma-
linowskom súvrství sú dominantné granát a  rutil, menej 
zirkón a turmalín. Cr-spinel sa vyskytuje častejšie, pričom 
najmenej zastúpený ťažký minerál je tu apatit.

V  oboch súvrstviach dominujú almandínové graná-
ty s  rôznym pomerom grosuláru, pyropu a  spessartínu. 
Analyzované granáty boli derivované prevažne z  nízko-, 
stredno- až vysokostupňových polymetamorfovaných 
komplexov. O  niečo pestrejšia populácia granátov v  jar-
mutsko-pročskom súvrství môže odrážať nový prínos gra-
nátov zo stredne metamorfovaných bázickejších zdrojov 
počas najvrchnejšej kriedy. Niektoré z  almandínových 
granátov môžu pochádzať aj z granitoidných hornín. Časť 
analyzovaných almandínových granátov s  nízkym ob-
sahom pyropu, vyšším obsahom grosulárovej molekuly 
a variabilným obsahom spessartínu je podobná granátom 
z  obliakov metabazitov v  albsko-cenomanských zlepen-
coch klapskej jednotky a  vysokotlakovo a nízkoteplotne 
metamorfovaného príkrovu Bôrky (Putiš et al., 2023). 
Môže to indikovať ich pôvod v meliatiku.

Analyzované detritické turmalíny vykazujú zložitú 
optickú zonalitu. Na základe bodových analýz z  odliš-
ných optických zón najčastejším typom turmalínov sú 
X-vakantné turmalíny. Menej časté sú alkalické turmalíny 
a zriedkavo zastúpené sú vápenaté turmalíny. X-vakantné 
turmalíny majú stredný obsah vakancií a  zložením zod-
povedajú magneziofoititu až foititu. Alkalické turmalíny 
chemickým zložením zodpovedajú skorylu-dravitu. Vápe-
naté turmalíny zodpovedajú uvitu a feruvitu. Magneziofo-
itity až foitity tvoria buď jadrá zŕn, oscilačné zóny, alebo 
opticky zložité zóny a  okraje zŕn. Niektoré zrná alebo 
zóny so  skorylovo-dravitovým zložením sú charakteris-
tické jemným prerastaním s kremeňom a početnými mi-
nerálnymi inklúziami. Minerálne inklúzie tvoria kremeň, 

rutil, zirkón, monazit, titanit, ilmenit, apatit, allanit, albit 
a oxidy železa. Významný obsah podobných komplexne 
zonálnych detritických turmalínov bol nedávno objave-
ný v  kriedových súvrstviach s „exotickými“ zlepencami 
z centrálnych Západných Karpát (CZK) a  PBP (Bellová 
et al., 2018; Plašienka et al., 2019; Aubrecht et al., 2020a, 
2020b, 2021). Komplexne zonálne turmalíny môžu po-
chádzať z exhumovaných vysokotlakovo-nízkoteplotných 
ofiolitových komplexov meliatika (l. c.). Zdanlivý paradox 
ich výskytu vo flyšových súvrstviach uložených na opač-
nej (externej) strane orogénneho pásma a  ich derivácia 
z „južných“ (interných) západokarpatských zón sa dá vy-
svetliť viacfázovou recykláciou, ako sa predpokladá aj pri 
derivácii ofiolitového detritu s harzburgitovým zložením 
v kriedových až paleogénnych flyšových súvrstviach CZK 
a  PBP (Plašienka, 2012a a tamojšie citácie). Ofiolitové 
komplexy meliatika boli počas spodnej kriedy vystavené 
erózii v interných západokarpatských zónach. Ofiolitový 
detrit a „exotický“ obliakový materiál bol uložený najprv 
vo   flyšových sedimentoch albsko-cenomanského porub-
ského súvrstvia v  zliechovskej panve fatrika. Porubské 
súvrstvie ako súčasť príkrovového systému fatrika bolo 
počas vrchného turónu presunuté do pozície falošného 
akrečného klina za tatrickým externým okrajom. Tam 
sa stalo súčasťou klapskej jednotky  pribradlovej zóny 
(Plašienka, 1995a, 1995b, 1996, 2012a; Prokešová et al., 
2012; Plašienka et al., 2019). Albsko-cenomanské flyšo-
vé súvrstvia klapskej jednotky, už kompletne zahrnuté 
do rastúceho akrečného klina, mohli takýmto spôsobom 
tvoriť „proximálny“ zdroj ofiolitového detritu aj komplex-
ne zonálnych turmalínov pre čoraz mladšie synorogene-
tické súvrstvia v čelných panvách PBP a priľahlých zón 
(Plašienka, 2012a; Plašienka & Soták, 2015; Plašienka et 
al., 2019; Madzin & Plašienka, 2022).

Analyzované Cr-spinely nevykazujú žiadne znaky 
premeny alebo zonality. Takmer všetky študované Cr-spi-
nely oboch súvrství majú pomer Fe2+/Fe3+ vyšší ako 4, 
čo je charakteristické pre spinely plášťových peridotitov 
(Lenaz et al., 2000; Kamenetsky et al., 2001). Analyzova-
né Cr-spinely najlepšie zodpovedajú harzburgitom alebo 
podiformným chromititom (Pober & Faupl, 1988). Iba 
niekoľko Cr-spinelov z malinowského súvrstvia vykazuje 
koncentráciu TiO2 vyššiu ako 0,2 hm. %, čo naznačuje 
ich pôvod vo vulkanických horninách. Vulkanické spine-
ly svojím zložením zodpovedajú bazaltom vulkanických 



Madzin, J. and Plašienka, D.: Heavy mineral analysis of the Upper Cretaceous to Lower Eocene synorogenic formations of the Pieniny Klippen Belt 
(Šariš Unit, eastern Slovakia): new data from the Jar-2 borehole (Jarmuta-Proč Fm.) and outcrops (Malinowa Fm.)

129

oblúkov alebo zaoblúkových paniev (Lenaz et al., 2000; 
Kamenetsky et al., 2001). 

Zdroj ofiolitového detritu vo vrchnokriedových klas-
tických súvrstviach PBP sa všeobecne považuje za rovna-
ký ako zdroj „exotických“ zlepencov klapskej jednotky. 
Hoci pôvod, paleogeografická pozícia a interpretácia klap-
skej jednotky sú predmetom desaťročia trvajúcej diskusie, 
v  poslednom čase panuje konsenzus, že ofiolitový detrit 
pochádza z ofiolitových komplexov meliatika v interných 
západokarpatských zónach (Aubrecht et al., 2009; Pla-
šienka, 2012a; Bellová et al., 2018; Plašienka et al., 2019; 
Aubrecht et al., 2020a, 2020b, 2021; Putiš et al., 2023). 
Chemické zloženie Cr-spinelov a  komplexne zonálnych 
turmalínov analyzovaných v  tejto práci túto predsta-

vu podporuje. Vysoký verzus nízky obsah Cr-spinelov 
v  proximálnych verzus distálnych turónsko-kampánskych 
sedimentoch pieninskej a šarišskej jednotky a smerom na-
hor sa znižujúci obsah Cr-spinelov vo vrchnokriedových 
až spodnoeocénnych flyšových sedimentoch PBP je v sú-
lade s konceptom viacnásobnej recyklácie ofiolitového 
detritu z klapskej jednotky.

	 Doručené / Recieved: 	 31. 12. 2025
	 Prijaté na publikovanie / Accepted: 	 10. 3. 2026
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Supplementary Table S1
Representative microprobe analyses of detrital garnets from Upper Cretaceous to Paleocene deposits  

of the Jarmuta-Proč Fm., structural drill JAR-2, Pieniny sector of the PKB, Western Carpathians, Slovakia
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Unit Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U.
Sample JAR-2A JAR-2A JAR-2A JAR-2A JAR-2A JAR-2A JAR-2A JAR-2A JAR-2A JAR-2A JAR-2A JAR-2A JAR-2A JAR-2A
Point an5 an8 an14 an15 an16 an17 an18 an19 an20 an21 an22 an23 an24 an25

SiO2 37.21 37.26 37.44 37.50 36.89 38.36 37.72 36.91 37.01 37.11 37.30 37.86 37.25 37.59
TiO2 0.04 0.18 0.02 0.00 0.06 0.02 0.01 0.04 0.10 0.00 0.09 0.06 0.11 0.06
Al2O3 21.32 21.25 21.07 21.59 21.35 22.03 21.05 20.97 21.18 21.05 21.06 21.74 21.08 21.35
Cr2O3 0.03 0.02 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.04 0.00 0.04 0.04 0.00
Fe2O3

* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.00 0.10 0.00 0.00 0.00 0.00
FeO 34.08 28.25 35.66 32.70 36.87 31.30 33.39 33.75 31.51 33.37 35.39 30.07 34.23 34.35
MnO 1.25 6.00 0.47 2.39 0.74 0.71 2.50 2.13 3.09 4.70 0.56 0.72 0.99 1.04
MgO 3.33 1.13 2.82 2.61 2.70 6.43 3.10 0.27 1.24 2.36 1.76 4.60 1.27 4.63
NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ZnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CaO 2.13 6.39 2.16 3.94 1.57 1.48 2.25 6.22 5.81 1.78 3.64 5.01 4.67 0.94
Total 99.38 100.47 99.64 100.72 100.17 100.35 100.02 100.34 99.93 100.51 99.79 100.10 99.63 99.96

Formulae based on 12 oxygens and with Fe2+/Fe3+ calculated assuming full occupancy
Si 2.99 2.99 3.01 2.98 2.97 2.99 3.02 2.99 2.99 2.99 3.01 2.98 3.00 2.99
Al iv 0.01 0.01 0.00 0.02 0.03 0.01 0.00 0.01 0.01 0.01 0.00 0.02 0.00 0.01

Al vi 2.01 1.99 2.00 2.01 2.00 2.02 1.99 1.99 2.00 1.99 2.01 2.00 2.01 2.00
Ti 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00

Fe2+ 2.32 1.90 2.42 2.19 2.49 2.07 2.25 2.29 2.13 2.25 2.41 1.99 2.34 2.30
Mn 0.08 0.41 0.03 0.16 0.05 0.05 0.17 0.15 0.21 0.32 0.04 0.05 0.07 0.07
Mg 0.40 0.14 0.34 0.31 0.32 0.75 0.37 0.03 0.15 0.28 0.21 0.54 0.15 0.55
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.18 0.55 0.19 0.34 0.14 0.12 0.19 0.54 0.50 0.15 0.31 0.42 0.40 0.08
Total 8.00 8.00 7.99 8.01 8.01 8.00 7.99 8.00 8.00 8.01 7.99 8.01 7.99 8.00

End members
Almandine 77.65 63.44 81.29 72.97 82.85 69.27 75.40 75.97 71.14 74.66 81.03 66.08 78.97 76.62
Andradite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21 0.00 0.31 0.00 0.00 0.00 0.00
Grossular 6.06 18.33 6.26 11.26 4.55 4.06 6.48 17.84 16.81 4.71 10.57 14.04 13.50 2.69
Pyrope 13.36 4.53 11.38 10.37 10.89 25.04 12.42 1.08 4.97 9.47 7.10 18.13 5.14 18.36
Spessartine 2.84 13.65 1.08 5.40 1.71 1.56 5.69 4.90 7.07 10.72 1.30 1.61 2.28 2.34
Uvarovite 0.09 0.06 0.00 0.00 0.00 0.07 0.00 0.00 0.00 0.12 0.00 0.14 0.12 0.00
% cations 99.45 99.55 99.36 99.39 99.00 99.44 99.49 99.62 99.49 99.61 99.27 99.31 99.05 99.84
*calculated
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Supplementary Table S1 –  continuation
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Unit Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U.
Sample JAR-2A JAR-2A JAR-2A JAR-2A JAR-2B JAR-2B JAR-2B JAR-2B JAR-2B JAR-2B JAR-2B JAR-2B JAR-2B JAR-2B
Point an26 an27 an28 an29 an1 an2 an3 an6 an7 an13 an14 an15 an16 an17

SiO2 36.98 37.24 37.62 37.14 37.25 37.32 37.09 36.86 37.19 37.08 37.46 37.88 36.90 37.39
TiO2 0.02 0.04 0.07 0.06 0.07 0.06 0.00 0.06 0.00 0.06 0.04 0.06 0.11 0.08
Al2O3 21.25 21.02 21.30 21.13 21.15 21.29 21.17 20.82 21.07 20.90 21.72 21.42 20.34 20.91
Cr2O3 0.01 0.01 0.01 0.03 0.05 0.02 0.01 0.02 0.00 0.00 0.00 0.03 0.04 0.00
Fe2O3

* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.00 0.46 0.09
FeO 35.46 34.62 34.44 33.64 31.82 34.57 33.01 31.78 31.72 25.70 34.13 24.96 19.48 30.23
MnO 2.01 1.27 0.15 5.02 3.14 1.02 5.60 2.48 6.08 10.15 1.24 3.01 17.15 3.08
MgO 1.96 1.36 3.23 1.63 2.24 3.88 2.69 0.66 2.40 0.87 4.04 2.42 1.49 2.72
NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ZnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CaO 2.39 4.39 3.37 1.59 3.65 1.34 0.69 6.54 1.36 5.34 1.85 9.35 3.59 4.96
Total 100.08 99.94 100.19 100.24 99.36 99.50 100.25 99.22 99.82 100.18 100.48 99.13 99.55 99.45

Formulae based on 12 oxygens and with Fe2+/Fe3+ calculated assuming full occupancy
Si 2.99 3.01 3.00 3.00 3.00 2.99 2.99 3.00 3.00 3.00 2.97 3.01 3.00 3.01
Al iv 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.03 0.00 0.00 0.00

Al vi 2.01 2.00 2.00 2.01 2.01 2.01 2.00 2.00 2.01 1.99 2.01 2.01 1.95 1.98
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.01

Fe2+ 2.41 2.35 2.31 2.30 2.17 2.34 2.23 2.17 2.16 1.74 2.28 1.69 1.33 2.03
Mn 0.14 0.09 0.01 0.34 0.21 0.07 0.38 0.17 0.42 0.70 0.08 0.20 1.18 0.21
Mg 0.24 0.16 0.38 0.20 0.27 0.46 0.32 0.08 0.29 0.10 0.48 0.29 0.18 0.33
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.21 0.38 0.29 0.14 0.32 0.12 0.06 0.57 0.12 0.46 0.16 0.80 0.31 0.43
Total 8.00 7.99 8.00 8.00 7.99 8.00 8.00 8.00 8.00 8.00 8.01 7.99 8.00 8.00

End members
Almandine 80.59 78.88 77.18 77.24 73.14 78.28 74.40 72.53 72.41 57.86 75.83 56.74 43.64 67.69
Andradite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.24 0.00 0.00 1.42 0.27
Grossular 6.87 12.72 9.60 4.53 10.47 3.82 1.95 19.01 3.95 15.19 5.30 26.71 8.99 14.08
Pyrope 7.89 5.47 12.84 6.60 9.05 15.52 10.83 2.68 9.70 3.50 16.07 9.66 6.07 10.93
Spessartine 4.61 2.91 0.34 11.55 7.20 2.33 12.79 5.72 13.94 23.20 2.81 6.82 39.76 7.03
Uvarovite 0.04 0.02 0.04 0.09 0.15 0.05 0.03 0.06 0.00 0.01 0.00 0.08 0.13 0.00
% cations 99.50 99.52 99.70 99.29 99.20 99.56 99.66 99.79 99.52 99.87 99.02 99.17 99.19 99.44
*calculated
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Unit Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U.
Sample JAR-2B JAR-2B JAR-2B JAR-2C JAR-2C JAR-2C JAR-2C JAR-2C JAR-2C JAR-2C JAR-2C JAR-2C JAR-2C JAR-2C
Point an19 an21 an29 an2 an4 an5 an6 an9 an10 an16 an17 an19 an20 an21

SiO2 36.83 37.20 37.84 37.40 37.84 37.26 37.63 37.77 37.38 37.72 37.92 37.62 37.88 38.45
TiO2 0.00 0.00 0.11 0.05 0.13 0.04 0.02 0.09 0.05 0.03 0.03 0.04 0.06 0.04
Al2O3 21.29 21.39 21.41 21.28 21.40 21.03 21.43 21.33 21.18 21.50 21.46 21.55 21.57 21.60
Cr2O3 0.00 0.00 0.05 0.01 0.00 0.02 0.00 0.00 0.02 0.03 0.00 0.03 0.03 0.00
Fe2O3

* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 33.57 35.36 24.77 32.96 27.03 36.52 33.03 28.88 34.46 34.96 31.80 31.61 30.42 31.75
MnO 4.46 0.73 4.57 3.90 3.59 0.64 3.84 0.57 3.62 1.29 0.45 0.68 0.51 0.73
MgO 2.32 3.18 1.20 0.97 1.25 1.35 2.99 1.18 2.72 3.67 4.37 2.02 1.56 5.05
NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ZnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CaO 1.35 1.89 10.69 4.10 9.60 3.05 1.42 9.98 1.02 1.06 3.70 6.76 8.82 2.73
Total 99.82 99.75 100.66 100.67 100.84 99.90 100.35 99.80 100.45 100.25 99.73 100.31 100.85 100.35

Formulae based on 12 oxygens and with Fe2+/Fe3+ calculated assuming full occupancy
Si 2.98 2.99 2.99 3.00 3.00 3.01 3.00 3.01 3.00 3.00 3.00 2.99 2.99 3.01
Al iv 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00

Al vi 2.01 2.02 1.99 2.02 1.99 2.01 2.02 2.01 2.01 2.02 2.01 2.01 2.00 2.00
Ti 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fe2+ 2.29 2.40 1.64 2.24 1.79 2.50 2.23 1.94 2.33 2.36 2.12 2.12 2.02 2.10
Mn 0.31 0.05 0.31 0.26 0.24 0.04 0.26 0.04 0.25 0.09 0.03 0.05 0.03 0.05
Mg 0.28 0.38 0.14 0.12 0.15 0.16 0.36 0.14 0.33 0.43 0.52 0.24 0.18 0.59
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.12 0.16 0.91 0.35 0.81 0.26 0.12 0.85 0.09 0.09 0.31 0.58 0.75 0.23
Total 8.01 8.00 8.00 7.99 8.00 7.99 7.99 7.99 8.00 8.00 8.00 8.00 8.00 7.99

End members
Almandine 76.43 80.15 54.76 75.33 59.84 84.18 75.23 65.39 77.93 79.39 71.16 71.17 67.73 70.79
Andradite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Grossular 3.92 5.43 30.13 11.81 27.18 8.83 4.08 28.60 2.88 2.96 10.52 19.20 24.89 7.71
Pyrope 9.41 12.74 4.73 3.92 4.93 5.46 11.96 4.71 10.89 14.64 17.30 8.00 6.16 19.85
Spessartine 10.25 1.66 10.24 8.91 8.04 1.46 8.73 1.29 8.24 2.92 1.01 1.54 1.14 1.64
Uvarovite 0.00 0.01 0.15 0.04 0.00 0.07 0.00 0.00 0.06 0.08 0.01 0.09 0.08 0.01
% cations 99.29 99.57 99.84 99.24 99.89 99.10 99.17 99.30 99.61 99.14 99.53 99.51 99.67 99.26
*calculated
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Locality Jarabina 
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JAR-2
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JAR-2 Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina
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Unit Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U.
Sample JAR-2C JAR-2C JAR-2C LU-5A LU-5A LU-5A LU-5A LU-5A LU-5A LU-5A LU-5A LU-5A LU-5A LU-5A
Point an22 an23 an24 an12 an14 an22 an23 an24 an31 an32 an33 an39 an40 an41

SiO2 36.98 38.13 37.57 37.82 38.81 37.57 36.80 37.52 36.57 37.16 37.20 37.61 37.33 37.54
TiO2 0.03 0.04 0.10 0.01 0.05 0.03 0.00 0.02 0.00 0.06 0.05 0.00 0.00 0.02
Al2O3 20.98 21.74 21.09 21.56 22.29 21.30 21.12 21.51 21.04 21.01 21.13 21.19 21.00 21.35
Cr2O3 0.01 0.10 0.02 0.01 0.05 0.01 0.03 0.00 0.02 0.00 0.04 0.04 0.04 0.01
Fe2O3

* 0.24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.20 0.00 0.00 0.00 0.00
FeO 37.54 31.48 31.88 31.31 27.16 33.17 29.70 33.28 31.06 33.15 35.69 32.11 34.07 32.39
MnO 1.31 1.87 2.81 5.96 0.34 1.61 8.39 1.96 9.26 4.05 1.38 2.45 1.75 0.97
MgO 1.71 5.37 0.95 3.00 7.23 3.59 2.28 3.90 1.48 2.65 2.82 3.50 3.18 3.60
NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ZnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CaO 2.11 1.45 6.06 1.58 4.36 2.57 1.05 1.40 0.30 2.13 1.39 2.74 2.31 3.51
Total 100.90 100.17 100.48 101.25 100.29 99.84 99.36 99.59 99.71 100.41 99.70 99.63 99.67 99.39

Formulae based on 12 oxygens and with Fe2+/Fe3+ calculated assuming full occupancy
Si 2.98 3.00 3.01 3.00 2.99 3.00 2.99 2.99 2.99 2.99 3.00 3.01 3.01 3.00
Al iv 0.02 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00

Al vi 1.98 2.01 1.99 2.01 2.01 2.01 2.02 2.02 2.01 1.98 2.01 2.00 1.99 2.01
Ti 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe3+ 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00

Fe2+ 2.53 2.10 2.15 2.09 1.77 2.23 2.04 2.26 2.14 2.23 2.43 2.16 2.30 2.19
Mn 0.09 0.12 0.19 0.40 0.02 0.11 0.58 0.13 0.64 0.28 0.09 0.17 0.12 0.07
Mg 0.21 0.63 0.11 0.35 0.83 0.43 0.28 0.46 0.18 0.32 0.34 0.42 0.38 0.43
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.18 0.12 0.52 0.13 0.36 0.22 0.09 0.12 0.03 0.18 0.12 0.24 0.20 0.30
Total 8.01 8.00 7.99 8.00 8.00 8.00 8.00 8.00 8.00 8.01 8.00 7.99 8.00 8.00

End members
Almandine 84.00 70.56 72.33 70.21 59.39 74.68 68.36 75.90 71.65 74.01 81.42 72.57 76.63 73.33
Andradite 0.74 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.60 0.00 0.00 0.00 0.00
Grossular 5.35 3.77 17.39 4.48 11.92 7.32 2.96 4.03 0.82 5.53 3.91 7.78 6.53 10.06
Pyrope 6.90 21.16 3.79 11.87 27.81 14.31 9.25 15.61 6.04 10.62 11.38 13.98 12.74 14.38
Spessartine 2.99 4.19 6.41 13.41 0.74 3.65 19.33 4.45 21.44 9.24 3.17 5.56 3.99 2.20
Uvarovite 0.02 0.33 0.07 0.02 0.14 0.04 0.09 0.00 0.05 0.00 0.12 0.11 0.12 0.03
% cations 99.37 99.24 99.39 99.51 99.49 99.60 99.52 99.16 99.53 99.60 99.44 99.50 99.81 99.44
*calculated
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Unit Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U.
Sample LU-5A LU-5A LU-5A LU-5B LU-5B LU-5B LU-5B LU-5B LU-5B LU-5B LU-5B LU-5B LU-5B LU-5B LU-5B LU-5B
Point an43 an44 an52 an1 an2 an3 an4 an5 an8 an9 an10 an11 an13 an17 an19 an21

SiO2 37.81 37.30 36.34 38.00 37.31 37.58 38.01 37.77 37.50 37.64 38.08 37.81 37.80 37.68 37.77 37.76
TiO2 0.05 0.01 0.10 0.08 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.06 0.02 0.12 0.03
Al2O3 21.68 21.30 20.87 21.55 21.26 21.58 21.25 21.40 21.45 21.40 21.82 21.51 21.37 21.53 21.27 21.34
Cr2O3 0.02 0.00 0.00 0.00 0.02 0.03 0.00 0.01 0.02 0.02 0.01 0.01 0.04 0.00 0.00 0.00
Fe2O3

* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.15 0.00 0.00 0.43
FeO 31.92 31.53 28.83 31.22 34.81 32.94 33.85 32.53 33.39 34.01 32.35 31.45 31.17 34.26 25.36 19.23
MnO 1.71 3.16 10.78 0.89 2.93 1.17 0.47 2.26 1.97 1.78 0.77 1.10 0.68 2.03 5.31 17.20
MgO 4.16 3.31 1.61 4.57 2.67 3.68 4.08 3.42 3.51 3.81 4.56 4.65 4.55 3.61 1.26 3.63
NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ZnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CaO 2.91 2.49 0.73 3.23 0.92 3.11 2.40 2.30 2.34 1.39 3.07 3.23 4.27 1.63 9.15 2.00
Total 100.26 99.10 99.26 99.54 99.92 100.09 100.07 99.69 100.19 100.05 100.66 99.78 100.10 100.76 100.24 101.61

Formulae based on 12 oxygens and with Fe2+/Fe3+ calculated assuming full occupancy
Si 2.99 3.00 2.98 3.00 3.00 2.99 3.02 3.01 2.99 3.00 2.99 3.00 2.99 2.99 3.00 2.98
Al iv 0.01 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.02

Al vi 2.01 2.02 2.00 2.01 2.02 2.01 1.99 2.02 2.01 2.01 2.01 2.01 1.98 2.01 2.00 1.97
Ti 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.03

Fe2+ 2.13 2.15 1.99 2.10 2.37 2.21 2.26 2.21 2.24 2.29 2.14 2.09 2.06 2.29 1.70 1.27
Mn 0.11 0.22 0.75 0.06 0.20 0.08 0.03 0.15 0.13 0.12 0.05 0.07 0.05 0.14 0.36 1.15
Mg 0.49 0.40 0.20 0.54 0.32 0.44 0.48 0.41 0.42 0.45 0.53 0.55 0.54 0.43 0.15 0.43
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.25 0.21 0.06 0.27 0.08 0.27 0.20 0.20 0.20 0.12 0.26 0.27 0.36 0.14 0.78 0.17
Total 8.00 8.00 8.01 7.99 8.00 8.00 7.99 7.99 8.00 8.00 8.00 8.00 8.00 8.00 7.99 8.01

End members
Almandine 71.49 72.23 66.12 70.60 79.85 73.88 75.90 74.49 74.91 76.79 71.78 69.98 68.43 76.53 56.89 41.42
Andradite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.46 0.00 0.00 1.28
Grossular 8.18 7.21 2.13 9.23 2.60 8.79 6.85 6.62 6.61 3.91 8.63 9.16 11.51 4.63 26.12 4.40
Pyrope 16.43 13.34 6.62 18.17 10.77 14.61 16.19 13.73 13.95 15.20 17.85 18.37 17.93 14.27 4.99 14.32
Spessartine 3.83 7.23 25.13 2.00 6.71 2.63 1.05 5.14 4.46 4.03 1.71 2.47 1.52 4.57 11.99 38.58
Uvarovite 0.07 0.00 0.01 0.00 0.07 0.09 0.00 0.02 0.06 0.08 0.02 0.02 0.13 0.00 0.00 0.00
% cations 99.50 99.27 99.34 99.11 99.19 99.57 99.47 98.93 99.69 99.44 99.60 99.78 99.62 99.71 99.60 99.24
*calculated

Supplementary Table S1 –  continuation
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Unit Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U.
Sample JAR-2A JAR-2A JAR-2A JAR-2A JAR-2A JAR-2A JAR-2A JAR-2A JAR-2A JAR-2A JAR-2A JAR-2A JAR-2A JAR-2A
Point an1 an2 an3 an4 an7 an9 an10 an12 an13 an30 an31 an32 an33 an34

Mineral Srl Foi Mg-Foi Vac-Mg-O 
root Foi Vac-Mg-O 

root
Vac-Mg-O 

root Mg-Foi Vac-Mg-O 
root Mg-Foi Drv Vac-Mg-O 

root
Vac-Mg-O 

root Drv

SiO2 36.27 35.14 36.27 36.34 35.48 37.53 37.62 37.14 37.02 36.53 36.56 37.05 38.22 36.62
TiO2 0.67 0.68 0.96 0.61 0.22 0.10 0.19 0.45 0.58 0.38 0.91 0.56 0.49 0.08
Al2O3 31.48 28.35 30.88 33.70 30.93 33.24 34.02 33.00 33.51 29.49 31.37 31.72 29.04 30.01
V2O3 0.03 0.03 0.02 0.05 0.04 0.02 0.00 0.02 0.05 0.07 0.01 0.05 0.06 0.03
Cr2O3 0.03 0.00 0.05 0.01 0.00 0.02 0.00 0.01 0.02 0.03 0.04 0.02 0.00 0.00
FeO 10.23 12.95 8.84 5.48 13.44 2.77 2.92 3.36 5.21 9.14 8.00 7.85 7.28 8.73
MnO 0.03 0.04 0.02 0.00 0.10 0.00 0.00 0.00 0.05 0.16 0.04 0.02 0.00 0.05
ZnO 0.04 0.05 0.00 0.00 0.21 0.08 0.00 0.07 0.13 0.00 0.02 0.00 0.05 0.01
CuO 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.02 0.03 0.00 0.03 0.00 0.03 0.07
MgO 5.01 4.86 6.15 6.57 3.15 9.32 8.38 8.75 7.04 7.60 6.37 6.75 7.92 7.29
CaO 0.12 1.29 0.51 0.58 0.53 0.02 0.05 0.63 0.55 0.57 0.11 0.09 0.09 0.03
BaO 0.00 0.03 0.00 0.00 0.00 0.05 0.00 0.00 0.07 0.00 0.01 0.00 0.08 0.00
Na2O 2.45 1.08 1.34 0.99 1.27 1.31 1.56 1.25 1.17 1.29 2.39 1.42 1.47 2.99
K2O 0.01 0.06 0.01 0.01 0.06 0.01 0.01 0.05 0.02 0.03 0.01 0.02 0.01 0.01
F 0.13 0.09 0.00 0.09 0.29 0.01 0.00 0.05 0.04 0.06 0.20 0.17 0.24 0.00
Cl 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.04 0.02
H2O* 3.37 3.10 3.17 3.07 2.97 3.17 3.24 3.22 3.18 3.17 3.33 3.09 3.05 3.58
B2O3

* 10.43 10.108 10.428 10.537 10.233 10.786 10.752 10.695 10.661 10.515 10.487 10.607 10.522 10.468
O = F 0.06 0.04 0.00 0.04 0.12 0.01 0.00 0.02 0.02 0.02 0.08 0.07 0.10 0.00
Total [%] 100.26 97.83 98.63 97.99 98.82 98.44 98.75 98.69 99.31 99.01 99.79 99.34 98.46 99.98
Si 6.04 6.04 6.04 5.99 6.03 6.05 6.08 6.04 6.04 6.04 6.06 6.07 6.31 6.08
Al 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
T-sum 6.044 6.042 6.044 6 6.026 6.048 6.082 6.035 6.035 6.037 6.059 6.07 6.313 6.08
B 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Al 6.00 5.74 6.00 6.00 6.00 6.00 6.00 6.00 6.00 5.74 6.00 6.00 5.65 5.87
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0 0.252 0 0 0 0 0 0 0 0.243 0 0 0.338 0.123
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Z-sum 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
Al 0.18 0.00 0.07 0.55 0.19 0.31 0.48 0.32 0.44 0.00 0.13 0.12 0.00 0.00
Ti 0.08 0.09 0.12 0.08 0.03 0.01 0.02 0.05 0.07 0.05 0.11 0.07 0.06 0.01
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 1.43 1.86 1.23 0.76 1.91 0.37 0.40 0.46 0.71 1.26 1.11 1.08 1.01 1.21
Mn2+ 0.01 0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.01 0.02 0.01 0.00 0.00 0.01
Mg 1.246 0.995 1.527 1.614 0.799 2.24 2.019 2.119 1.71 1.63 1.574 1.649 1.612 1.68
Y-sum 2.96 2.96 2.96 3.00 2.97 2.95 2.92 2.97 2.97 2.96 2.94 2.93 2.69 2.92
Ca 0.02 0.24 0.09 0.10 0.10 0.00 0.01 0.11 0.10 0.10 0.02 0.02 0.02 0.01
Na 0.79 0.36 0.43 0.32 0.42 0.41 0.49 0.39 0.37 0.42 0.77 0.45 0.47 0.96
K 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00
X-vacancy 0.19 0.39 0.47 0.58 0.47 0.58 0.50 0.49 0.53 0.48 0.21 0.53 0.51 0.03
X-sum 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
OH 3.74 3.56 3.53 3.37 3.37 3.41 3.50 3.49 3.45 3.49 3.69 3.38 3.36 3.96
O 0.19 0.39 0.47 0.58 0.47 0.58 0.50 0.49 0.53 0.48 0.21 0.53 0.51 0.03
V + W 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
*calculated

Supplementary Table S2
Representative microprobe analyses of detrital tourmalines from Upper Cretaceous to Paleocene deposits  
of the Jarmuta-Proč Fm., structural drill JAR-2, Pieniny sector of the PKB, Western Carpathians, Slovakia
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Unit Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U.
Sample JAR-2A JAR-2A JAR-2A JAR-2B JAR-2B JAR-2B JAR-2B JAR-2B JAR-2B JAR-2B JAR-2B JAR-2B JAR-2B JAR-2B
Point an36 an37 an38 an4 an5 an8 an9 an10 an11 an18 an20 an22 an23 an24

Mineral Vac-Mg-O 
root

Vac-Mg-O 
root Srl Vac-Mg-O 

root Srl Vac-Mg-O 
root Srl Mg-Foi Vac-Mg-O 

root
Vac-Mg-O 

root
Vac-Mg-O 

root
Vac-Mg-O 

root
Vac-Mg-O 

root
Vac-Mg-O 

root
SiO2 36.97 34.31 36.51 36.35 35.47 36.48 36.35 36.03 36.13 36.89 36.84 36.54 36.64 36.67
TiO2 0.58 1.22 0.41 0.59 0.15 0.28 0.82 0.80 0.28 0.67 0.91 0.36 0.31 0.32
Al2O3 34.31 26.50 28.16 31.41 27.77 32.06 28.23 30.43 32.44 32.06 30.91 34.76 34.43 31.51
V2O3 0.16 0.04 0.04 0.06 0.07 0.00 0.05 0.00 0.04 0.01 0.04 0.00 0.13 0.01
Cr2O3 0.32 0.01 0.02 0.04 0.00 0.04 0.02 0.00 0.03 0.01 0.04 0.00 0.04 0.02
FeO 3.10 11.96 11.92 9.30 12.27 9.45 10.34 8.92 7.11 5.25 7.77 7.94 7.34 9.21
MnO 0.01 0.00 0.05 0.00 0.03 0.02 0.00 0.07 0.05 0.05 0.01 0.00 0.07 0.05
ZnO 0.08 0.06 0.04 0.00 0.00 0.03 0.07 0.04 0.01 0.08 0.07 0.05 0.04 0.00
CuO 0.00 0.04 0.00 0.00 0.00 0.01 0.00 0.00 0.04 0.01 0.02 0.00 0.00 0.06
MgO 8.11 5.49 5.53 5.51 6.42 5.58 6.70 6.24 6.92 7.95 6.74 4.51 4.92 5.99
CaO 0.40 0.09 0.07 0.34 0.97 0.13 0.18 0.43 0.49 0.65 0.28 0.29 0.31 0.13
BaO 0.00 0.01 0.01 0.00 0.00 0.10 0.00 0.00 0.04 0.00 0.00 0.10 0.12 0.00
Na2O 1.06 1.37 2.63 1.24 1.24 1.33 1.49 1.35 1.21 1.19 1.39 0.80 1.03 1.44
K2O 0.04 0.03 0.39 0.01 0.01 0.02 0.02 0.02 0.06 0.01 0.01 0.01 0.01 0.02
F 0.08 0.00 0.00 0.05 0.00 0.02 0.00 0.00 0.26 0.13 0.15 0.00 0.00 0.12
Cl 0.01 0.02 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00
H2O* 3.13 2.96 3.50 3.09 3.16 3.13 3.13 3.14 3.05 3.14 3.10 3.02 3.09 3.11
B2O3

* 10.774 9.821 10.237 10.414 10.223 10.518 10.31 10.352 10.541 10.609 10.5 10.565 10.56 10.517
O = F 0.04 0.00 0.00 0.02 0.00 0.01 0.00 0.00 0.11 0.06 0.06 0.00 0.00 0.05
Total [%] 99.11 93.92 99.53 98.39 97.80 99.18 97.70 97.82 98.59 98.68 98.69 98.95 99.04 99.10
Si 5.96 6.07 6.20 6.07 6.03 6.03 6.13 6.05 5.96 6.04 6.10 6.01 6.03 6.06
Al 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00
T-sum 6 6.072 6.199 6.067 6.031 6.028 6.127 6.048 6 6.044 6.097 6.011 6.029 6.059
B 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Al 6.00 5.53 5.64 6.00 5.57 6.00 5.61 6.00 6.00 6.00 6.00 6.00 6.00 6.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0 0.465 0.357 0 0.425 0 0.381 0 0 0 0 0 0 0
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Z-sum 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
Al 0.49 0.00 0.00 0.18 0.00 0.24 0.00 0.02 0.27 0.19 0.03 0.74 0.68 0.14
Ti 0.07 0.16 0.05 0.08 0.02 0.03 0.10 0.10 0.03 0.08 0.11 0.04 0.04 0.04
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.42 1.77 1.69 1.30 1.74 1.31 1.46 1.25 0.98 0.72 1.08 1.09 1.01 1.27
Mn2+ 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.01
Mg 1.951 0.983 1.043 1.372 1.201 1.375 1.302 1.561 1.7 1.943 1.662 1.106 1.208 1.475
Y-sum 3.00 2.93 2.80 2.93 2.97 2.97 2.87 2.95 3.01 2.96 2.90 2.99 2.97 2.94
Ca 0.07 0.02 0.01 0.06 0.18 0.02 0.03 0.08 0.09 0.12 0.05 0.05 0.05 0.02
Na 0.33 0.47 0.86 0.40 0.41 0.43 0.49 0.44 0.39 0.38 0.45 0.25 0.33 0.46
K 0.01 0.01 0.09 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
X-vacancy 0.59 0.51 0.04 0.53 0.41 0.54 0.48 0.48 0.51 0.51 0.50 0.69 0.61 0.51
X-sum 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
OH 3.37 3.49 3.96 3.44 3.59 3.45 3.52 3.52 3.36 3.43 3.42 3.31 3.39 3.43
O 0.59 0.51 0.04 0.53 0.41 0.54 0.48 0.48 0.51 0.51 0.50 0.69 0.61 0.51
V + W 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
*calculated

Supplementary Table S2 – continuation
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Unit Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U.
Sample JAR-2B JAR-2B JAR-2B JAR-2B JAR-2B JAR-2B JAR-2B JAR-2C JAR-2C JAR-2C JAR-2C JAR-2C JAR-2C JAR-2C
Point an25 an27 an28 an30 an31 an32 an33 an7 an11 an12 an13 an14 an15 an25

Mineral Vac-Mg-O 
root

Vac-Mg-O 
root Mg-Foi Vac-Mg-O 

root
Vac-Mg-O 

root
Vac-Mg-O 

root Mg-Foi Drv Vac-Fe-O 
root

Vac-Mg-O 
root

Vac-Fe-O 
root Drv Srl Foi

SiO2 36.34 34.78 36.98 36.29 36.20 36.73 36.45 36.62 36.76 36.74 34.43 36.85 35.85 35.36
TiO2 0.88 0.60 0.97 0.90 0.87 0.30 0.75 1.19 0.34 0.86 0.15 0.00 0.54 0.52
Al2O3 32.57 34.02 31.20 34.16 34.85 35.29 32.37 30.97 32.74 32.77 34.48 31.73 27.57 33.33
V2O3 0.05 0.00 0.03 0.01 0.07 0.03 0.02 0.10 0.00 0.04 0.00 0.03 0.08 0.03
Cr2O3 0.01 0.02 0.04 0.04 0.11 0.06 0.04 0.04 0.00 0.03 0.01 0.00 0.00 0.00
FeO 8.79 11.24 7.67 6.05 7.55 6.90 4.91 8.49 9.27 5.63 14.49 8.14 12.37 9.70
MnO 0.05 0.05 0.02 0.09 0.00 0.00 0.10 0.03 0.07 0.00 0.19 0.04 0.05 0.02
ZnO 0.05 0.10 0.02 0.06 0.00 0.07 0.03 0.00 0.05 0.03 0.15 0.04 0.00 0.16
CuO 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
MgO 5.53 3.02 6.97 6.50 4.68 4.73 7.65 6.78 5.11 6.92 0.30 6.85 6.16 4.40
CaO 0.66 0.55 0.60 0.70 0.47 0.21 0.44 0.33 0.14 0.31 0.24 0.23 0.35 0.96
BaO 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.01 0.01 0.00 0.00 0.00 0.03
Na2O 0.94 1.01 1.30 1.00 0.95 0.91 1.36 2.52 1.22 1.14 1.01 2.86 2.76 1.00
K2O 0.01 0.05 0.01 0.02 0.01 0.01 0.02 0.01 0.01 0.01 0.04 0.03 0.03 0.05
F 0.12 0.24 0.00 0.07 0.00 0.00 0.02 0.13 0.05 0.10 0.00 0.00 0.02 0.00
Cl 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.00
H2O* 3.06 2.96 3.21 3.14 3.09 3.04 3.18 3.47 3.08 3.07 2.98 3.61 3.51 3.15
B2O3

* 10.557 10.356 10.587 10.675 10.587 10.602 10.522 10.585 10.552 10.555 10.201 10.585 10.241 10.413
O = F 0.05 0.10 0.00 0.03 0.00 0.00 0.01 0.06 0.02 0.04 0.00 0.00 0.01 0.00
Total [%] 99.60 98.91 99.61 99.68 99.46 98.89 97.83 101.23 99.40 98.16 98.68 100.99 99.54 99.13
Si 5.98 5.84 6.07 5.91 5.94 6.02 6.02 6.01 6.06 6.05 5.87 6.05 6.09 5.90
Al 0.02 0.16 0.00 0.09 0.06 0.00 0.00 0.00 0.00 0.00 0.13 0.00 0.00 0.10
T-sum 6 6 6.071 6 6 6.022 6.02 6.013 6.055 6.049 6 6.05 6.085 6
B 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Al 6.00 6.00 6.00 6.00 6.00 6.00 6.00 5.99 6.00 6.00 6.00 6.00 5.51 6.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0 0 0 0 0 0 0 0 0 0 0 0 0.475 0
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Z-sum 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
Al 0.30 0.57 0.04 0.46 0.69 0.82 0.30 0.00 0.36 0.36 0.79 0.14 0.00 0.46
Ti 0.11 0.08 0.12 0.11 0.11 0.04 0.09 0.15 0.04 0.11 0.02 0.00 0.07 0.07
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 1.21 1.58 1.05 0.82 1.04 0.95 0.68 1.17 1.28 0.78 2.06 1.12 1.76 1.35
Mn2+ 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.03 0.01 0.01 0.00
Mg 1.358 0.755 1.706 1.577 1.145 1.157 1.883 1.659 1.255 1.699 0.077 1.677 1.083 1.094
Y-sum 3.00 3.00 2.93 3.00 3.00 2.98 2.98 2.99 2.95 2.95 3.00 2.95 2.92 3.00
Ca 0.12 0.10 0.11 0.12 0.08 0.04 0.08 0.06 0.03 0.06 0.04 0.04 0.06 0.17
Na 0.30 0.33 0.41 0.32 0.30 0.29 0.43 0.80 0.39 0.37 0.33 0.91 0.91 0.32
K 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01
X-vacancy 0.58 0.56 0.48 0.56 0.61 0.67 0.49 0.14 0.58 0.58 0.62 0.05 0.02 0.49
X-sum 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
OH 3.36 3.31 3.52 3.41 3.39 3.33 3.51 3.80 3.39 3.37 3.38 3.95 3.97 3.51
O 0.58 0.56 0.48 0.56 0.61 0.67 0.49 0.14 0.58 0.58 0.62 0.05 0.02 0.49
V + W 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
*calculated
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Supplementary Table S2 – continuation

Locality Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina

Formation Malinowa 
Fm.

Malinowa 
Fm.

Malinowa 
Fm.

Malinowa 
Fm.

Malinowa 
Fm.
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Fm.
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Malinowa 
Fm.
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Unit Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U.
Sample JAR-2C JAR-2C JAR-2C JAR-2C JAR-2C JAR-2C JAR-2C JAR-2C LU-5A LU-5A LU-5A LU-5A LU-5A LU-5A
Point an26 an27 an28 an30 an31 an32 an33 an34 an1 an2 an3 an4 an5 an6

Mineral Vac-Mg-O 
root Drv Drv Mg-Foi Srl Vac-Mg-O 

root Mg-Foi Vac-Fe-O 
root

Vac-Mg-O 
root Feruvi Foi Foi Srl Vac-Mg-O 

root
SiO2 36.80 36.47 36.80 36.65 35.48 36.11 36.88 36.18 36.28 35.07 34.23 35.79 35.90 36.06
TiO2 0.23 0.57 0.22 0.77 1.22 0.98 0.90 0.71 1.06 0.92 0.39 0.15 0.34 0.56
Al2O3 33.04 30.70 30.10 30.53 27.24 33.74 31.00 34.22 29.74 24.90 24.03 27.91 29.35 29.87
V2O3 0.03 0.06 0.01 0.07 0.04 0.06 0.06 0.03 0.02 0.02 0.03 0.00 0.08 0.04
Cr2O3 0.05 0.06 0.04 0.01 0.00 0.07 0.02 0.03 0.09 0.00 0.01 0.00 0.01 0.00
FeO 6.91 8.15 6.22 7.72 14.34 7.65 4.95 8.09 9.08 15.71 21.45 12.69 12.84 10.11
MnO 0.00 0.04 0.11 0.09 0.07 0.00 0.00 0.17 0.01 0.02 0.00 0.05 0.00 0.02
ZnO 0.00 0.08 0.00 0.04 0.00 0.03 0.04 0.00 0.00 0.05 0.08 0.04 0.04 0.03
CuO 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.08 0.28 0.02 0.04 0.04 0.00 0.01
MgO 6.45 6.84 9.31 6.87 4.36 5.21 8.51 4.42 6.45 5.02 2.67 6.07 4.67 5.95
CaO 0.42 0.22 0.28 0.49 0.45 0.73 0.49 0.19 0.33 2.13 1.03 1.00 0.22 0.19
BaO 0.00 0.01 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.02 0.00
Na2O 1.10 2.66 2.74 1.35 1.43 1.01 1.35 1.20 1.30 0.88 1.07 1.18 1.46 1.29
K2O 0.03 0.01 0.02 0.00 0.04 0.03 0.04 0.04 0.02 0.04 0.08 0.03 0.03 0.01
F 0.11 0.10 0.00 0.06 0.00 0.14 0.07 0.04 0.17 0.00 0.00 0.04 0.07 0.04
Cl 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00
H2O* 3.08 3.47 3.59 3.15 3.10 3.08 3.17 3.09 3.04 3.18 3.04 3.15 3.09 3.06
B2O3

* 10.588 10.46 10.621 10.44 10.088 10.532 10.546 10.505 10.385 9.944 9.836 10.261 10.26 10.322
O = F 0.05 0.04 0.00 0.03 0.00 0.06 0.03 0.02 0.07 0.00 0.00 0.02 0.03 0.02
Total [%] 98.80 99.85 100.08 98.28 97.84 99.29 98.01 98.99 98.18 97.93 97.98 98.44 98.34 97.53
Si 6.04 6.06 6.02 6.10 6.11 5.96 6.08 5.99 6.07 6.13 6.05 6.06 6.08 6.07
Al 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
T-sum 6.04 6.059 6.023 6.101 6.112 6 6.078 6 6.071 6.13 6.048 6.062 6.081 6.072
B 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Al 6.00 6.00 5.81 5.99 5.53 6.00 6.00 6.00 5.87 5.13 5.01 5.57 5.86 5.93
Cr 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Mg 0 0 0.187 0 0.464 0 0 0 0.119 0.867 0.704 0.428 0.128 0.068
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Z-sum 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
Al 0.39 0.01 0.00 0.00 0.00 0.52 0.02 0.66 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.03 0.07 0.03 0.10 0.16 0.12 0.11 0.09 0.13 0.12 0.05 0.02 0.04 0.07
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.95 1.13 0.85 1.08 2.07 1.06 0.68 1.12 1.27 2.30 2.89 1.80 1.82 1.42
Mn2+ 0.00 0.01 0.02 0.01 0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.01 0.00 0.00
Mg 1.579 1.695 2.083 1.705 0.655 1.282 2.091 1.091 1.489 0.44 0 1.105 1.053 1.425
Y-sum 2.96 2.94 2.98 2.90 2.89 3.00 2.92 3.00 2.93 2.87 2.95 2.94 2.92 2.93
Ca 0.07 0.04 0.05 0.09 0.08 0.13 0.09 0.03 0.06 0.40 0.20 0.18 0.04 0.03
Na 0.35 0.86 0.87 0.44 0.48 0.32 0.43 0.39 0.42 0.30 0.37 0.39 0.48 0.42
K 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.00
X-vacancy 0.57 0.10 0.08 0.47 0.43 0.54 0.47 0.57 0.51 0.29 0.42 0.42 0.47 0.54
X-sum 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
OH 3.37 3.84 3.92 3.49 3.57 3.39 3.49 3.41 3.40 3.70 3.58 3.56 3.49 3.44
O 0.57 0.10 0.08 0.47 0.43 0.54 0.47 0.57 0.51 0.29 0.42 0.42 0.47 0.54
V + W 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
*calculated
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Supplementary Table S2 – continuation

Locality Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina

Formation Malinowa 
Fm.

Malinowa 
Fm.
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Fm.
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Unit Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U.
Sample LU-5A LU-5A LU-5A LU-5A LU-5A LU-5A LU-5A LU-5A LU-5A LU-5A LU-5B LU-5B
Point an7 an19 an20 an25 an26 an35 an36 an37 an38 an42 an6 an7

Mineral Vac-Mg-O 
root Mg-Foi Uvi Vac-Mg-O 

root Drv Drv Srl Srl Srl Vac-Fe-O 
root

Vac-Mg-O 
root

Vac-Mg-O 
root

SiO2 36.03 36.75 35.43 36.56 37.06 36.90 35.76 36.30 35.98 35.90 36.23 36.35
TiO2 0.60 0.44 1.55 0.96 0.25 0.19 0.44 0.34 0.41 0.17 1.31 0.48
Al2O3 31.91 32.31 25.94 33.34 31.53 30.05 26.96 28.16 27.29 35.23 30.55 35.11
V2O3 0.04 0.01 0.14 0.08 0.02 0.04 0.00 0.04 0.05 0.03 0.04 0.07
Cr2O3 0.08 0.00 0.01 0.09 0.06 0.00 0.02 0.01 0.03 0.00 0.00 0.08
FeO 7.50 6.08 9.56 4.43 6.31 8.33 12.39 12.28 13.16 10.98 9.50 5.30
MnO 0.04 0.01 0.00 0.03 0.00 0.03 0.00 0.00 0.09 0.06 0.00 0.07
ZnO 0.04 0.07 0.00 0.07 0.05 0.11 0.02 0.05 0.05 0.08 0.00 0.06
CuO 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.01 0.00 0.04 0.02 0.07
MgO 6.20 7.59 9.16 7.93 8.09 8.09 6.68 6.12 6.14 1.96 5.87 6.17
CaO 0.66 0.76 2.21 0.88 0.06 0.02 0.02 0.62 0.72 0.03 0.13 0.69
BaO 0.00 0.00 0.10 0.05 0.00 0.00 0.00 0.02 0.07 0.00 0.00 0.04
Na2O 1.11 1.17 0.87 1.03 2.85 2.71 1.57 2.55 2.48 0.74 1.39 1.01
K2O 0.00 0.03 0.08 0.03 0.01 0.03 0.06 0.03 0.04 0.03 0.01 0.04
F 0.01 0.10 0.06 0.03 0.00 0.02 0.03 0.00 0.00 0.12 0.18 0.12
Cl 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01
H2O* 3.11 3.17 3.28 3.20 3.59 3.53 3.10 3.52 3.51 2.86 3.04 3.11
B2O3

* 10.401 10.618 10.308 10.694 10.642 10.615 10.221 10.34 10.29 10.41 10.43 10.66
O = F 0.00 0.04 0.03 0.01 0.00 0.01 0.01 0.00 0.00 0.05 0.08 0.05
Total [%] 97.75 99.07 98.70 99.38 100.52 100.65 97.26 100.36 100.30 98.59 98.63 99.36
Si 6.02 6.02 5.97 5.94 6.05 6.04 6.08 6.10 6.08 6.00 6.04 5.93
Al 0.00 0.00 0.01 0.06 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.07
T-sum 6.021 6.016 6 6 6.052 6.041 6.08 6.104 6.079 6 6.04 6
B 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Al 6.00 6.00 5.15 6.00 6.00 5.80 5.40 5.58 5.43 6.00 6.00 6.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0 0 0.832 0 0 0.197 0.594 0.414 0.555 0 0 0
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Z-sum 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
Al 0.28 0.23 0.00 0.33 0.07 0.00 0.00 0.00 0.00 0.93 0.00 0.67
Ti 0.08 0.05 0.20 0.12 0.03 0.02 0.06 0.04 0.05 0.02 0.16 0.06
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 1.05 0.83 1.35 0.60 0.86 1.14 1.76 1.73 1.86 1.53 1.33 0.72
Mn2+ 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01
Mg 1.545 1.853 1.471 1.92 1.971 1.777 1.1 1.119 0.991 0.489 1.458 1.501
Y-sum 2.98 2.98 3.02 3.00 2.95 2.96 2.92 2.90 2.92 3.00 2.96 3.00
Ca 0.12 0.13 0.40 0.15 0.01 0.00 0.00 0.11 0.13 0.01 0.02 0.12
Na 0.36 0.37 0.28 0.33 0.90 0.86 0.52 0.83 0.81 0.24 0.45 0.32
K 0.00 0.01 0.02 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.01
X-vacancy 0.52 0.49 0.29 0.51 0.09 0.13 0.47 0.05 0.05 0.75 0.53 0.55
X-sum 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
OH 3.47 3.46 3.69 3.47 3.91 3.86 3.52 3.95 3.95 3.19 3.38 3.39
O 0.52 0.49 0.27 0.51 0.09 0.13 0.47 0.05 0.05 0.75 0.53 0.55
V + W 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
*calculated
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Supplementary Table S2 – continuation

Locality Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina

Formation Malinowa  
Fm.

Malinowa  
Fm.

Malinowa  
Fm.

Malinowa  
Fm.

Malinowa  
Fm.

Malinowa  
Fm.

Age Turonian–
Campanian

Turonian–
Campanian

Turonian–
Campanian

Turonian–
Campanian

Turonian–
Campanian

Turonian–
Campanian

Unit Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U.
Sample LU-5B LU-5B LU-5B LU-5B LU-5B LU-5B
Point an14 an15 an16 an22 an23 an29

Mineral Drv Mg-Foi Srl Mg-Foi Drv Vac-Mg-O root

SiO2 37.26 35.50 35.57 36.06 36.79 36.97
TiO2 0.88 1.22 0.73 0.60 1.07 0.64
Al2O3 33.74 34.23 25.68 28.84 32.12 33.69
V2O3 0.16 0.25 0.01 0.14 0.03 0.08
Cr2O3 0.13 0.23 0.00 0.01 0.07 0.03
FeO 4.69 7.78 15.10 9.73 5.46 7.58
MnO 0.00 0.00 0.01 0.06 0.00 0.08
ZnO 0.04 0.09 0.00 0.00 0.03 0.00
CuO 0.01 0.05 0.00 0.00 0.00 0.01
MgO 7.65 4.73 5.26 7.27 7.90 5.22
CaO 0.29 0.77 0.06 1.38 0.83 0.08
BaO 0.00 0.03 0.14 0.00 0.02 0.00
Na2O 2.66 1.18 1.55 1.07 2.23 1.08
K2O 0.09 0.06 0.05 0.07 0.03 0.01
F 0.02 0.08 0.00 0.00 0.06 0.12
Cl 0.00 0.01 0.00 0.00 0.00 0.01
H2O* 3.62 3.16 3.08 3.23 3.52 3.01
B2O3

* 10.81 10.52 10.07 10.39 10.65 10.59
O = F 0.01 0.03 0.00 0.00 0.02 0.05
Total [%] 102.04 99.82 97.29 98.85 100.77 99.13
Si 5.99 5.87 6.14 6.04 6.01 6.07
Al 0.01 0.14 0.00 0.00 0.00 0.00
T-sum 6 6 6.142 6.035 6.006 6.066
B 3.00 3.00 3.00 3.00 3.00 3.00
Al 6.00 6.00 5.23 5.69 6.00 6.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0 0 0.773 0.293 0 0
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00
Z-sum 6.00 6.00 6.00 6.00 6.00 6.00
Al 0.39 0.53 0.00 0.00 0.18 0.51
Ti 0.11 0.15 0.10 0.08 0.13 0.08
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 0.63 1.08 2.18 1.36 0.75 1.04
Mn2+ 0.00 0.00 0.00 0.01 0.00 0.01
Mg 1.835 1.165 0.581 1.519 1.922 1.276
Y-sum 3.00 3.00 2.86 2.97 2.99 2.93
Ca 0.05 0.14 0.01 0.25 0.15 0.01
Na 0.83 0.38 0.52 0.35 0.71 0.34
K 0.02 0.01 0.01 0.01 0.01 0.00
X-vacancy 0.10 0.48 0.45 0.39 0.14 0.64
X-sum 1.00 1.00 1.00 1.00 1.00 1.00
OH 3.89 3.48 3.55 3.61 3.83 3.29
O 0.10 0.48 0.45 0.39 0.14 0.64
V + W 4.00 4.00 4.00 4.00 4.00 4.00
*calculated
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Supplementary Table S3
Representative microprobe analyses of detrital chromian spinels from Upper Cretaceous to Paleocene deposits  

of the Jarmuta-Proč Fm., structural drill JAR-2, Pieniny sector of the PKB, Western Carpathians, Slovakia

Locality Jarabina 
JAR-2

Jarabina 
JAR-2 Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina

Formation Jarmuta-
Proč Fm.

Jarmuta-
Proč Fm.

Malinowa 
Fm.

Malinowa 
Fm.

Malinowa 
Fm.

Malinowa 
Fm.

Malinowa 
Fm.

Malinowa 
Fm.

Malinowa 
Fm.

Malinowa 
Fm.
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Malinowa 
Fm.
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Unit Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U.

Sample JAR-2A JAR-2B JAR-2C JAR-2C LU-5A LU-5A LU-5A LU-5A LU-5A LU-5A LU-5A LU-5A LU-5A LU-5A

Point an35 an12 an29 an35 an8 an11 an15 an16 an17 an18 an21 an28 an29 an45

SiO2 0.04 0.00 0.01 0.02 0.01 0.03 0.00 0.02 0.02 0.04 0.02 0.02 0.04 0.03

TiO2 0.11 0.00 0.02 0.05 0.00 0.02 0.13 0.06 0.18 0.08 0.01 0.04 0.02 0.08

Al2O3 22.31 24.43 26.87 24.91 24.92 9.48 23.77 27.69 21.15 14.79 14.86 25.36 21.19 27.11

Cr2O3 46.65 44.34 39.17 43.27 41.45 61.17 44.23 39.86 46.04 54.55 55.11 43.36 47.63 41.54

FeO 15.19 14.15 14.15 16.43 17.62 16.07 15.70 15.21 17.07 17.76 17.61 13.09 15.15 13.41

Fe2O3
* 1.49 0.80 3.16 1.49 2.96 0.19 1.59 1.68 2.30 0.00 0.00 1.27 1.43 0.79

MnO 0.24 0.22 0.24 0.27 0.31 0.28 0.28 0.20 0.26 0.29 0.29 0.18 0.23 0.21

MgO 12.84 13.47 13.54 12.23 11.36 10.79 12.46 13.18 11.35 9.84 10.23 14.31 12.69 14.19

NiO 0.08 0.06 0.13 0.06 0.09 0.08 0.13 0.13 0.10 0.05 0.07 0.13 0.08 0.11

ZnO 0.14 0.12 0.25 0.17 0.24 0.06 0.15 0.13 0.14 0.31 0.11 0.07 0.05 0.14

V2O5 0.19 0.15 0.13 0.18 0.13 0.24 0.24 0.21 0.23 0.22 0.26 0.20 0.22 0.24

Total 99.27 97.71 97.67 99.06 99.09 98.40 98.66 98.35 98.83 97.93 98.55 98.02 98.73 97.86

Formulae based on 3 cations. 4 O anions and iron valence calculation

Si 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Al 0.82 0.82 0.82 0.82 0.82 0.82 0.82 0.82 0.82 0.82 0.82 0.82 0.82 0.82

Cr 1.14 1.14 1.14 1.14 1.14 1.14 1.14 1.14 1.14 1.14 1.14 1.14 1.14 1.14

Fe3+* 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03

Fe2+ 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39

Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Mg 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59

Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

V 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000

Cr# 0.58 0.55 0.49 0.54 0.53 0.81 0.56 0.49 0.59 0.71 0.71 0.53 0.60 0.51

Mg# 0.60 0.63 0.63 0.57 0.53 0.54 0.59 0.61 0.54 0.50 0.51 0.66 0.60 0.65

Fe2+/Fe3+ 11.35 19.73 4.97 12.27 6.62 93.74 10.99 10.08 8.26 – – 11.45 11.74 18.75

FeO/Fe2O3 10.21 17.75 4.47 11.04 5.96 84.35 9.89 9.07 7.43 – – 10.30 10.56 16.87

*calculated
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Supplementary Table S3 – continuation

Locality Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina Ľutina

Formation Malinowa 
Fm.

Malinowa 
Fm.

Malinowa 
Fm.

Malinowa 
Fm.

Malinowa 
Fm.

Malinowa 
Fm.
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Fm.
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Fm.
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Fm.
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Unit Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U. Šariš U.

Sample LU-5A LU-5A LU-5A LU-5A LU-5A LU-5B LU-5B LU-5B LU-5B LU-5B LU-5B LU-5B

Point an46 an47 an48 an49 an50 an12 an18 an24 an25 an26 an27 an28

SiO2 0.00 0.05 0.01 0.00 0.02 0.04 0.00 0.02 0.06 0.02 0.00 0.02

TiO2 0.11 0.00 0.00 0.05 0.26 0.41 0.00 0.22 0.21 0.08 0.05 0.18

Al2O3 15.79 19.02 32.96 21.65 6.04 11.67 39.11 10.54 19.04 27.72 20.12 25.86

Cr2O3 49.20 48.50 35.27 47.35 60.85 56.05 27.34 57.71 45.07 40.56 47.52 42.88

FeO 19.80 17.45 12.56 14.29 21.87 14.83 12.85 20.28 17.68 12.91 16.83 12.53

Fe2O3
* 3.60 2.07 1.22 1.33 2.78 3.57 2.13 0.00 5.38 0.68 1.76 1.32

MnO 0.35 0.29 0.19 0.20 0.45 0.27 0.15 0.37 0.27 0.21 0.30 0.20

MgO 8.74 10.83 15.44 13.26 6.67 11.94 15.78 7.63 10.73 14.48 11.24 14.69

NiO 0.08 0.08 0.09 0.08 0.08 0.12 0.17 0.02 0.14 0.10 0.13 0.13

ZnO 0.27 0.19 0.11 0.05 0.13 0.04 0.17 0.23 0.06 0.04 0.19 0.15

V2O5 0.33 0.30 0.12 0.20 0.24 0.15 0.17 0.20 0.25 0.22 0.14 0.13

Total 98.27 98.77 97.97 98.47 99.39 99.08 97.86 97.24 98.88 97.01 98.27 98.10

Formulae based on 3 cations. 4 O anions and iron valence calculation

Si 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Al 0.82 0.82 0.82 0.82 0.82 0.82 0.82 0.82 0.82 0.82 0.82 0.82

Cr 1.14 1.14 1.14 1.14 1.14 1.14 1.14 1.14 1.14 1.14 1.14 1.14

Fe3+* 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03

Fe2+ 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39

Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Mg 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59

Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

V 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000

Cr# 0.68 0.63 0.42 0.595 0.871 0.763 0.319 0.786 0.614 0.495 0.613 0.527

Mg# 0.44 0.53 0.69 0.62 0.35 0.59 0.69 0.40 0.52 0.67 0.54 0.68

Fe2+/Fe3+ 6.11 9.38 11.44 11.98 8.75 4.61 6.70 – 3.65 21.09 10.63 10.55

FeO/Fe2O3 5.50 8.44 10.30 10.78 7.87 4.15 6.03 – 3.29 18.97 9.57 9.49

*calculated



Madzin, J. and Plašienka, D.: Heavy mineral analysis of the Upper Cretaceous to Lower Eocene synorogenic formations of the Pieniny Klippen Belt 
(Šariš Unit, eastern Slovakia): new data from the Jar-2 borehole (Jarmuta-Proč Fm.) and outcrops (Malinowa Fm.)

143

Locality Ľutina Ľutina Ľutina

Formation Malinowa Fm. Malinowa Fm. Malinowa Fm.

Age Turonian–Campanian Turonian–Campanian Turonian–Campanian

Unit Šariš U. Šariš U. Šariš U.

Sample LU-5A LU-5A LU-5A

Point an9 an10 an51

SiO2 55.78 55.84 54.51

TiO2 0.08 0.06 0.01

Al2O3 1.34 1.43 0.29

Cr2O3 0.92 0.95 1.64

Fe2O3 0.00 0.00

FeO 5.12 5.46 1.68

MnO 0.14 0.15 0.04

MgO 34.51 34.49 17.67

CaO 0.44 0.39 24.32

Na2O 0.00 0.00 0.23

Total 98.40 98.85 100.49

Formulae normalized to 6 oxygens.

Si 1.95 1.94 1.98

Ti 0.00 0.00 0.00

Al 0.06 0.06 0.01

Cr 0.03 0.03 0.05

Fe3+ 0.02 0.02 0.00

Fe2+ 0.13 0.14 0.05

Mn 0.00 0.00 0.00

Mg 1.80 1.79 0.96

Ca 0.02 0.01 0.95

Na 0.00 0.00 0.00

Total 4 4 4.00

End members

Wo 0.83 0.75 48.43

En 91.55 91.16 48.96

Fs 7.62 8.09 2.61

Supplementary Table S4
Representative microprobe analyses of pyroxene inclusions in detrital chromian spinels from Upper Cretaceous  

to Paleocene deposits of the Jarmuta-Proč Fm., structural drill JAR-2, Pieniny  
sector of the PKB, Western Carpathians, Slovakia
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