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Petrogenesis of metabasite olistoliths from the Magura Nappe
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We provide new geochemical and geochronological data on metabasite blocks exposed in the Osielczyk Stream within the
Polish Western Outer Carpathians. These blocks, the only known occurrence of this rock type in the Carpathian flysch, form
part of an olistostrome within the flysch deposits of the Pasierbiec Sandstone Formation of the Magura Nappe. The
metabasites are dark green, medium-grained, deformed rocks containing porphyroclasts of albite and Mg-hornblende, with
secondary minerals (phengite and chlorite) defining the foliation. Bulk geochemical analyses reveal moderate contents of
Fe,03, MgO, TiO,, P,05 and transition elements (Cr, Ni, Co and V), alongside low concentrations of high field strength ele-
ments (HFSEs: Zr, Hf, Th, U), large ion lithophile elements (LILEs: Sr, Ba, K, Rb), and total rare earth elements (XREE:
95.5-92.3 ppm). Chondrite-normalized ratios include (La/Sm), = 2.4—2.3 and (Tb/Yb), = 1.3—1.2, with a slightly negative Eu
anomaly (Eu/Eu* = 0.83—-0.91). The chemical composition corresponds to basaltic andesite or andesite magma, exhibiting
intermediate characteristics between arc tholeiite and calc-alkaline series. These metabasites resemble high-alumina bas-
alts (maximum Al,O3 content 18.6 wt.%) and display geochemical signatures akin to volcanic arc basalts, suggesting an ori-
gin within a supra-subduction zone ophiolite sequence. Laser ablation ICP-MS U-Pb zircon dating yields a Neoproterozoic
protolith age of 611.7 +4.7 My, while K-Ar dating of phengite indicates a late Variscan episode (348.1-311.4 Ma), likely re-
flecting post-metamorphic cooling. The olistostrome material is interpreted as derived from the Fore-Magura Ridge.

Key words: Flysch Carpathians, Magura Nappe, olistostrome, Neoproterozoic metabasite, supra-subduction zone, prasinite,
ophiolitic sequence.

INTRODUCTION lites in the Central Carpathians (Wieser, 1952). Angel and
Scharizer (fide Leardi et al., 1986) positioned prasinites be-
tween the amphibolite and greenschist facies, possibly equiv-

Wieser (1952) reported that Ksigzkiewicz had identified a
metabasite block in the Pasierbiec Sandstone near the village of
Osielec within the Magura Nappe flysch (Fig. 1). He termed it the
“ophiolite from Osielec,” classifying it as an albite amphibolite or
hornblende prasinite (following Angel and Scharizer’s classifica-
tion, fide Turner, 1981). He proposed that, based on stratigraphic
similarities within the Alpine—Carpathian arc, this ophiolite repre-
sents a pre-orogenic eruption, potentially correlative with either
Lower Cretaceous Alpine ophiolites or pre-Carboniferous ophio-
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alent to Escola’s (1939) albite-epidote-amphibolite facies. The
term “prasinite” typically applies to metamorphosed ophiolites
or their derivatives (Leardi et al., 1986).

The presence of metabasites in the Outer Carpathians is
enigmatic, as some researchers (e.g., Birkenmajer, 1986;
Oszczypko, 1992; Oszczypko et al., 2015) have hypothesized
an oceanic crust beneath the Outer Carpathian basins, partic-
ularly the Magura Basin.

Detailed geological studies of the Magura Nappe in Osie-
lec, expanded by Cieszkowski et al. (2017), alongside petro-
logical, geochemical, and isotopic investigations (e.g.,
Anczkiewicz et al., 2016, 2018; Gaweda et al., 2019, 2023),
have clarified its context. Initial U-Pb zircon dating has estab-
lished a 611.7 My age (Anczkiewicz et al., 2016).
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Fig. 1. Geological sketch map of the Polish sector of the Outer Carpathians, showing location of the study area
(after Cieszkowski et al., 2017)

This study aims to elucidate the origin and geodynamic con-
text of the Osielec metabasite which is the only known occur-
rence of this rock type in the Carpathian flysch. Our study offers
new insights into its deformation and metamorphic history
within the Magura Basin’s basement evolution. We focus on the
metabasite block’s origin and its relationship to the source
rocks of the Western Outer Carpathians’ flysch units
(Cieszkowski et al., 2017), using new geochemical and isotopic
data from zircons and micas.

GEOLOGICAL SETTING

The village of Osielec is located in the Western Carpathians
(Figs. 1 and 2), on the southern slopes of the Beskid Makowski
Mountains along the Skawa River, between Jordanéw and
Makow Podhalanski. Geologically, the Carpathians are divided
into the Inner and Outer (Flysch) Carpathians (e.g.,
Ksigzkiewicz, 1977; Slaczka et al., 2006; Golonka et al., 2019).
Flysch sediments were deposited in the deep-sea basins of the
Outer Carpathians (e.g., Ksigzkiewicz, 1977; Slaczka et al.,
2006; Golonka et al., 2019). The Magura Basin, the innermost
of these basins, was bordered to the north by the Grybow
(Fore-Magura) Ridge (Ksiazkiewicz, 1962; Slaczka et al., 2006)
and to the south-east by the Marmarosh and Magura Ridges
(Tetak, 2022). Late Cretaceous to Miocene deposits formed an
accretionary prism, which was subsequently detached and
folded, resulting in a stack of nappes (Fig. 1).

This study focuses on the Polish sector of the Outer
Carpathians, specifically the Magura Nappe, which is subdi-
vided into four facies-tectonic zones (Koszarski et al., 1974).
Osielec lies within the Raca and Siary subunits, which repre-
sent the northernmost zones of the Outer Carpathians (Ciesz-
kowski et al., 2017). Geological investigations in this area, initi-
ated by Ksigzkiewicz (1966) and others (e.g., Wieser, 1966;
Burtan and Szymakowska, 1966; Ksigzkiewicz et al., 1977) and
continued by Wojcik and Raczkowski (1994), and Cieszkowski
et al. (2017), with recent contributions by Gaweda et al. (2019,
2023), form the foundation of this research.

STRATIGRAPHY

The sedimentary succession of the Ra¢a Subunit in Osielec
(Fig. 2) includes the Ropianka Formation (Campanian—Paleo-
cene), Labowa Shale Formation (uppermost Paleocene—Mid-
dle Eocene), Pasierbiec Sandstone Formation (Middle
Eocene), Beloveza Formation (Middle—Upper Eocene), and
Magura Formation (Upper Eocene—Oligocene; Cieszkowski et
al., 2017). The Siary Subunit is represented solely by the
Watkowa Sandstone Member of the Beskid Makowski Forma-
tion (Upper Eocene—Oligocene). Traditional lithostratigraphic
names (e.g., Ksiazkiewicz, 1966; Wojcik and Raczkowski,
1994; Ksigzkiewicz et al., 2017) are noted in parentheses be-
low.

Ropianka Formation (Inoceramian beds, Ropianka beds):
Comprises grey, thin- to medium-bedded, fine- to me-
dium-grained quartz-muscovite sandstones with feldspar and
biotite, cemented by siliceous and carbonate materials. These
sandstones, commonly parallel-, cross- or convolute-lami-
nated, intercalate with grey or greenish shales.

tabowa Shale Formation (Paleogene variegated shales):
Consists of variegated muddy or clayey shales (predominantly
red, subordinately green) with thin-bedded, fine-grained green
sandstones.

Pasierbiec Sandstone Formation (Pasierbiec sand-
stones): Features thick-bedded sandstones, conglomeratic
sandstones, conglomerates, and occasional sedimentary brec-
cias, with intercalations of thin shale-sandstone packages. Two
sandstone lithotypes coexist (Ksigzkiewicz, 1966; Cieszkowski
et al., 2017): the Pasierbiec lithotype (thick- to very thick-bed-
ded, coarse-grained or conglomeratic, with quartz, feldspar,
muscovite, glauconite, and lithoclasts of limestone, chert,
radiolarite, mudstone, claystone, granitoids, metabasites,
amphibolitic and micaceous gneisses, phyllites, and metamor-
phic schists) and the Osielec lithotype (medium- to thick-bed-
ded, fine- to medium-grained grey to grey-greenish sandstones
dominated by quartz with feldspar, muscovite, and glauconite).
Palaeocurrent data indicate a northern sediment source.
Olistostromes within this formation include debrites with shaley
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clasts, pebbles, boulders, and exotic blocks, including
metabasites (0.5-3.5 m across), first described as ophiolites by
Wieser (1952).

Beloveza Formation (Beloveza beds, Hieroglyphic beds):
Dominated by grey-greenish, thin-bedded, fine-grained, paral-
lel-laminated sandstones interbedded with grey-greenish
shales, composed mainly of quartz with minor feldspar,
glauconite and muscovite. Thick-bedded Pasierbiec-type sand-
stones occur in the lower part.

Magura Formation (Magura beds): Consists of thick-bed-
ded, massive, grey (bluish when fresh), medium- to coarse-
grained muscovite sandstones, predominantly quartz with feld-
spar, muscovite, chlorite, and lithoclasts of mica schist, igneous
rocks, and quartzite, occasionally interbedded with shales.
Palaeocurrents suggest derivation from the southeast and
east-southeast.

Watkowa Sandstone Member (Magura glauconitic sand-
stones): Similar to the Magura Formation but rich in glauconite,
with detrital material sourced from the north and north-east
(Cieszkowski et al., 2017).

TECTONICS

The study area lies within the Ra¢a and Siary subunits of the
Magura Nappe. Ksigzkiewicz (1966) identified the “Osielec
Skiba” tectonic unit (a complex thrust sheet), which
Cieszkowski et al. (2017) subdivided into the southern Bystra
Thrust Sheet and the northern Osielczyk Thrust Sheet (Fig. 2).
The Osielczyk Thrust Sheet features the northwards-over-
turned Grzybowka Anticline, hosting the Pasierbiec Sandstone
Formation with ophiolitic blocks, and thrust over the Watkowa
Sandstone Member. Its southern limb includes the irregular
Wronkéw Syncline. Northwest of Gtodkowka hamlet, a local
anticline of Pasierbiec Sandstone occurs. The Bystra Thrust
Sheet overrides the Osielczyk Thrust Sheet from the south, with
the Glodkdéwka Anticline (Ropianka and tabowa Shale forma-
tions in the core, Beloveza Formation in the southern limb)
transitioning southwards into the tysa Mount Syncline (Magura
Formation sandstones). Fold structures and thrust sheets are
intersected by a transverse fault system oriented N-S,
NNW-SSE, NNE-SSW, NW-SE, and NE-SW.

METHODS

Field investigations by Cieszkowski et al. (2010) involved
collecting 7 metabasite samples from an olistostrome block (2.5
x 2.0 m) in the Osielczyk Stream valley (Fig. 3). Twenty thin
sections were prepared, cut in the XZ plane of the strain ellip-
soid (parallel to lineation, perpendicular to foliation) to observe
structural features and porphyroclasts (Passchier and Trouw,
2005).

Microstructural observations and standardless chemical
analyses were conducted at the Laboratory of Field Emission
Scanning Electron Microscopy and Microanalysis, Institute of
Geological Sciences, Jagiellonian University, using a JEOL
5410 microscope with a Voyager 3100 (NORAN) EDS spec-
trometer and a HITACHI S-4700 microscope with a Vantage
(NORAN) EDS spectrometer (100 s analysis time, 20 kV accel-
eration voltage, ZAF correction via Proza Phi-Rho-Z algorithm).

Whole-rock analyses of 4 samples were performed at Bu-
reau Veritas Commodities Canada Ltd. Mineral Laboratories.
Major oxides and trace elements were analyzed by ICP-emis-
sion spectrometry after lithium metaborate/tetraborate fusion
and dilute nitric acid digestion. Loss on ignition (LOI) was deter-

mined by weight difference after ignition at 1000°C for >2 hours.
Rare earth elements (REEs) were analyzed by ICP-MS follow-
ing the same fusion and digestion process. Precious and base
metals were digested in aqua regia and analysed by ICP-MS.

Laser ablation ICP-MS U-Pb zircon dating was conducted
at the Institute of Geological Sciences, Polish Academy of Sci-
ences, Krakéw Research Centre, following Anczkiewicz and
Anczkiewicz (2016). Zircons were separated via crushing, siev-
ing, heavy liquid, and magnetic separation, with final purification
by hand-picking under a stereomicroscope. Zircons were
mounted in epoxy, polished, and imaged via cathodo-
luminescence (CL) using SEM at AGH University of Krakow.
Data reduction used lolite v. 3 (Paton et al., 2010, 2011), with
concordia diagrams and age calculations performed in Isoplot
v. 4.15 (Ludwig, 2008). Zircon Z91500 (Wiedenbeck et al.,
1995) served as the primary standard, with GJ-1 (Jackson et
al., 2004) and PleSovice (Slama et al., 2008) as secondary
standards (accurate within < 0.6% precision).

K-Ar dating of phengite from S-C structures (Figs. 4 and 5B)
was conducted on 3 samples at the ClayLab, Institute of Geo-
logical Sciences, Polish Academy of Sciences. Two portions
per sample were analysed for potassium using a Sherwood
Model 420 flame photometer, and a third for argon using a Nu
Instruments Noblesse multicollector noble-gas spectrometer
(NG039). Samples were melted with a 972 nm infrared laser,
evacuated to ~107"% mbar, and cleaned via titanium sublimation
and getter pumps (Z-100, SAES Getters). The **Ar spike was
calibrated with the GL-O standard (Odin, 1982), measured
thrice per batch of 5 samples. Daily air sample aliquots were
corrected “°Ar/**Ar and *°Ar/**Ar ratios for mass fractionation
and detector efficiencies (Lee et al., 2006). Age errors incorpo-
rated uncertainties from spectrometry, weighing, potassium
measurements, spike normalization, and air aliquot ratios.

RESULTS

PETROGRAPHIC DESCRIPTION

The metabasites are massive, variably coloured (pale to
dark green) rocks (Figs. 3, 4 and 5A). They are strongly de-
formed, with distinct color-zoned domains cut by veinlets
(Fig. 4). Dark green zones are massive, while pale green zones
show foliation.

Plagioclase (albite) and amphibole (Mg-hornblende) are the
main metamorphic minerals, likely formed under amphibolite
facies conditions, occurring as porphyroclasts (augens) de-
formed by later ductile and brittle processes. The result of duc-
tile deformation is clearly visible as foliation. The rock was also
deformed in brittle conditions, as shown by numerous fractures
and fragmentation of plagioclases. Quartz shows specific opti-
cal properties such as undulose extinction, related to brit-
tle-ductile deformation (Cieszkowski et al., 2010; Anczkiewicz
et al., 2016). Albite (Abgg_g1, Table 1) porphyroclasts in foliated
zones display albite-law twinning and saussuritic aggregates
(zoisite/epidote) in their cores, commonly fractured and dis-
placed, surrounded by flakes of secondary phengite forming fo-
liation planes (Fig. 5B). Phengite classification (Si/Al" > 3, Ta-
ble 2) follows Deer et al. (1962). Amphiboles (Table 3), classi-
fied per Leake et al. (1997) as calcic (Ca™ > 1.50; (Na+K)? <
0.50), include Mg-hornblende (mg# = 0.55-0.65) with strong
pleochroism (yellow green to olive-green) in massive zones,
partially replaced by actinolite (mg# = 0.66—0.69), epidote,
sphene, chlorite, Mg-calcite and opaque minerals (Fig. 5C).
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Fig. 3. Metabasite

A — block of metabasite exposed in Osielczyk Stream with Prof. M. Cieszkowski; B — block of metabasite exposed in Osielczyk Stream

Fig. 4. Hand specimen chipped from the metabasite block with two zones

DZ — dark massive zone, LZ — light foliated zone. Section in the XZ plane of the strain ellipsoid (perpendicular to the foliation, parallel to
the lineation)



6 Marek Cieszkowski et al. / Geological Quarterly, 2025, 69, 32

Fig. 5. Microphotographs

A — general overview of a OGK4 sample thin section with crossed polars: DZ — dark massive zone, LZ — light foliated zone; B — albite
porphyroclasts (augens) surrounded by foliation marked by the orientation of white mica flakes (sample no. OGK 8-1). Crossed polars; C —an
asymmetrical Mg-hornblende porphyroclast surrounded by chlorite flakes (sample no. OGK 5). Crossed polars. Mineral abbreviations: Ab —
albite, Act — actinolite, Chl — chlorite, Ep — epidote, Hbl — hornblende, Phg — phengite

The rocks are crosscut by calcite and quartz veinlets.
Phengite (pale green zones) and chlorite (dark green zones)
define the fabric of the rock (Fig. 5). Accessory minerals include
apatite, ilmenite and rare zircon.

GEOCHEMICAL FEATURES

Whole-rock analyses (Table 4) indicate moderate SiO,
(55.1-57.8 wt.%), Fe,O3 (up to 7.91 wt.%), and TiO, (up to
1.03 wt.%) contents, with enrichments in AlLO3; (up to
18.56 wt.%) and Na;O (up to 5.44 wt.%). LOI (3.2-5.5 wt.%) re-
flects hydrous minerals (amphiboles, chlorites, micas). The Mg
number (37-39%) is low. Compatible elements (Cr, Ni, Co, V)
show low to moderate enrichment, while HFSEs (Zr, Hf, Th, U)
and LILEs (Sr, Ba, K, Rb) are depleted. Total REE (OREE =
92.3-95.5 ppm) is low.

Chondrite-normalized trace element patterns (Fig. 6A) re-
veal depletions in LILEs (Ba, Sr) and HFSEs (Ta, Nb, P, Ti) and
positive anomalies in LILEs (Rb, K) and HFSEs (U, Hf, Zr, La,
Ce, Nd). REE patterns (Fig. 6B) show a slightly negative Eu
anomaly (Eu/Eu* = 0.83-0.91) and flat LREE/HREE fraction-
ation ((La’Yb), = 5.9-5.6), typical of mixed basaltic series
(Miyashiro and Shido, 1975). Moderate fractionation occurs in
LREE vs. HREE ((La/Sm), = 2.4-2.3) and MREE vs. HREE
((Tb/Yb), = 1.3-1.2). N-MORB-normalized patterns confirm
positive Rb, Ba, K, La, Hf, Zr anomalies and negative Ta, Nb,
Sr, P, Ti anomalies.

The geochemical signature (low SiO,, high FeO;, MgO,
transition elements, TiO,, P,Os) suggests a mafic origin, with
high Al,O3 indicating affinity to high-alumina basalts (HAB) from
island arcs (Tilley, 1950; Kuno, 1960; Koszowska et al., 2007).

The phengite composition allowed calculation of the pres-
sure peak according to the formula given by Kamzolkin et al.
(2016). Based on the presence of albite, zoisite and actinolite,
as well as the dynamic recrystallization of quartz, a temperature
of 300°C was inferred. This allows estimation of pressure at
12.5 kbar for the OGK-1 sample and 12.3 kbar for the OGK-2
sample.

GEOCHRONOLOGY

Despite zircon’s rarity in metabasites, 38 crystals were ana-
lysed via LA-ICP-MS U-Pb dating (Fig. 7 and Table 5). CL im-
aging shows simple oscillatory zoning without post-crystalliza-
tion modification (Fig. 7B). Analyses yield a concordant age of
611.7 +4.7 Ma (Fig. 7A), interpreted as the protolith’s magmatic
crystallization age.

K-Ar dating of phengite from S-C structures (Table 6) spans
from 348.1 £9.5to 311.4 £9.8 Ma, reflecting metamorphism and
cooling during the middle to late Variscan orogeny, followed by
shearing and deformation.
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Table 1

Examples of chemical analyses (EDS method) of albite

Table 2

Examples of chemical analyses (EDS method) of white micas

*_ all Fe are calculated as Fe®" as proposed by Deer et al. (2001);
endmembers (Ab, An and Or) are calculated:
Ab = 100(Na/Na+Ca+K), An = 100(Ca/Na+Ca+K) and
Or=100(K/Na+Ca+K) (according to Deer et al., 2001)

Sample OGK7 Sample OGK1A/1 | Sample OGK8/2 Sample OGK1b Sample OGK1b
Analysis no. 4a (1) | Analysis no. 7a/3 | Analysis no. 7a/1 analysis no.2-4e(1) Analysis no.2-4c(1)
Albite phenocryst | Albite phenocryst | Albite phenocryst phengite in S-C SthCturs\It o/phengite in S-C structure
Wt.% - /0

SiO, 68.98 69.41 68.84 Sio, 53.20 53.29
Al,O; 18.61 18.66 19.68 TiO, 0.00 045
Fe,Or 0.06 0.08 0.09 Alz0q 26.47 26.99
23 V205 0.43 0.00
MnO 0.00 0.08 0.00 Fe,0; 340 332
CaO 0.23 0.14 1.01 e 016 005
S0 0.70 0.59 0.24 MgO 439 389
BaO 0.19 0.07 0.05 CaO 0.46 0.11
Na,O 10.55 10.96 10.09 Na,O 0.39 0.63
K20 0.67 0.01 0.00 K0 11.05 11.24
Sum 100.00 100.00 100.00 Cl 0.02 0.08

Number of cations calculated on 8 at. O** Sum 100.00 100.00

Si 3.027 3.033 3.000 Number of cations calculated on 22 at. O**

Al 0.963 0.961 1.011 Si 6.79 6.80
Fe 0.002 0.003 0.003 AT 1.21 1.20
Mn 0.000 0.020 0.000 Si+ Al 8.00 8.00
Ca 0.011 0.035 0.047 o g-gg g-gj
Sr 0.018 0.015 0.006 v 0'04 0'00
Ba 0.003 0.001 0.001 Fov 0:33 0:32
Na 0.898 0.929 0.853 W 0.02 0.00
K 0.037 0.001 0.000 Mg 0.84 074
Sum 4.959 4.951 4.920 A+ Ti+V+Fe™+Mg 3.99 3.96
Ab 94.9 % 99.3 % 94.8% Ca 0.06 0.02
An 1.1% 0.7 % 5.2% Na 0.10 0.16
Or 3.9% 0.1% 0.0% K 1.80 1.83
Sum 99.9 % 100.1 % 100.0% Ca+Na+K 1.96 2.00
Cl 0.06 0.02
mg 0.72 0.70

* — all Fe are calculated as Fe** as proposed by Holland and Blundy
(1994); ** — after Robinson et al., (1982) the cations number are cal-
culated on 22 oxygen atoms because did not determine the water

content in the micas

Table 3

Examples of chemical analyses (EDS method) of amphiboles (Mg-hornblende and
secondary actinolite)

Sample OG-1b/2 Analysis no. 8b (1) | Sample OG-1b/2 Analysis no. 8a (1)
Actinolite (rim) Mg-hornblende (central part)
wt.%

SiO, 50.08 56.15
TiO, 0.60 0.25
AlLOs 5.82 1.34
V205 0.09 0.06
FeO* 16.51 12.66
MgO 12.28 15.67
MnO 0.58 0.64
CaO 12.68 12.60
Na,O 0.84 0.48
K0 0.46 0.06
Cl 0.07 0.08
Sum 100.00 100.00

Number of cations calculated on 23 at. O**
Si 7.25 7.89
AV 0.75 0.11
Si+AIv 8.000 8.00
AV 0.25 0.11
\ 0.01 0.01
Ti 0.07 0.03
Fe 2.00 1.49
Mn 0.07 0.08
Mg 2.65 3.28
AV'+V+Ti+Fe+Mn+Mg 5.04 4.993
Ca 1.97 1.90
Na 0.24 0.13
K 0.08 0.01
Ca+Na+K 2.29 2.04
Cl 0.02 0.02
mg=Mg/Mg+Fe 0.6 0.70
Mg:Fe 1.3 22
Na+K 0.32 0.14

*_ all Fe are calculated as Fe** as proposed by Holland and Blundy (1994); ** — after Robinson
et al., (1982) the cations number are calculated on the basis 23 oxygen atoms because we did
not determine the water content in the amphibole studied
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Fig. 7. Laser ablation ICP-MS U-Pb zircon dating results

A — Concordia plot; B, C — (CL) images of selected zircon crystals demonstrating simple oscillatory zoning.
Apparent age indicated in the analysed spot is 2°°Pb-?*®U (C)
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Table 4

Chemical composition of the rocks studied

| OGK 1A-1 | OGK 1-4 | OGK 7 | OGK 8-1
wt.%
Sio, 55.90 55.12 55.31 [57.80
TiO, 0.88 1.00 094 [1.03
A,O, [17.37 18.56 17.78 [17.49
Fe,0* [7.71 7.80 791 [7.06
MnO 0.12 0.12 0.13 [0.13
MgO 4.23 4.47 457 [3.80
CaO 5.21 3.88 3.84 [2.53
Na,O  [3.60 5.44 515 [3.90
K20 2.10 0.99 1.05  [1.71
P,Os 0.22 0.24 024 [0.23
LOI 3.60 3.60 320 [5.50
Total 100.94 101.26 [ 100.12101.18
ppm
Ba 597 291 313 [495
Co 20.8 21.9 228 [235
Cs 3.0 1.1 1.4 1.9
Cr 70 48 48 82
Ga 19.1 16.4 18.0 [17.9
Hf 6.5 4.6 7.3 47
Nb 6.1 6.8 6.5 6.6
Ni 25.2 234 20.3  [30.9
Rb 57.4 27.8 296  |431
Sc 57.4 27.8 296 431
Sr 305.4 279.1 266.7 [195.0
Ta 0.4 0.5 0.5 0.5
Th 5.0 3.8 43 5.6
U 1.3 1.5 1.3 14
v 139 131 135 166
W 0.6 0.7 0.7 0.6
Zr 236.3 166.3 267.1 [164.6
Mo 0.1 <0,1 <0,1 (0.1
Cu 11.6 28.0 216 [91.8
Pb 15 1.9 2.1 1.8
Zn 66 98 87 80
As 6.2 3.0 3.1 45
Y 19.7 20.2 19.9 [18.3
La 15.3 15.4 15.0 [15.3
Ce 35.5 35.3 353 [36.8
Pr 4.43 457 455 [4.66
Nd 18.8 20.5 20.8  [20.3
Sm 3.94 4.29 415 [4.11
Eu 1.17 1.28 124 [1.11
Gd 3.92 4.17 415 [3.95
Tb 0.57 0.62 059 [0.59
Dy 3.54 3.70 347 [3.45
Ho 0.68 0.69 071 ]o0.69
Er 1.95 2.03 195 [1.96
Tm 0.26 0.29 027 |o0.28
Yb 1.98 2.06 193 [1.97
Lu 0.30 0.31 029 [0.32
YREE [92.3 95.2 944 955
Mg# 0.38 0.39 0.39 |0.37
Eu/Eu* [0.90 0.91 0.90 [0.83
(La/Yb)y [ 5.83 5.63 586 |5.86

Total iron as Fe,O3; LOI — loss on ignition

LIMESTONE

Cc al-alk

Fig. 8. The position of the metabasite studied on diagram
after Leake (1964)

Symbols as for Figure 6

DISCUSSION

PETROLOGICAL AND GEOCHEMICAL IMPLICATIONS

Primary minerals include albite porphyroclasts (with
saussuritic zoisite/epidote cores) and Mg-hornblende por-
phyroclasts, partially replaced by actinolite, epidote, sphene,
chlorite, Mg-calcite and opaques. Foliation, marked by phengite
and chlorite, indicates shearing and metamorphism (Passchier
and Trouw, 2005; Smulikowski et al., 2011). Gaweda et al.
(2019) identified two assemblages in similar Osielec mafic
clasts: (1) actinolitic hornblende—actinolite—epidote—biotite—ti-
tanite—albite-oligoclase—chlorite—rutile, and (2) chlorite—quartz—
epidote—sericite tied to foliation. Both quartz and plagioclases
show evidence of deformation; however, due to different rheo-
logical properties, this deformation is brittle in plagioclases,
whilst quartz underwent dynamic recrystallization (Fig. 5A).

Geochemically, the metabasites exhibit moderate Fe,O3;
and TiO,, low to moderate transition metals, and depleted
HFSEs and LILEs, with positive Zr and Hf anomalies linked to
zircon presence. Niggli's (1948) parameters (Fig. 8) corrobo-
rate a magmatic protolith. Immobile element ratios (Zr/Ti vs.
Nb/Y; Fig. 9) classify the protolith as basaltic andesite or ande-
site, with mixed arc calc-alkaline/tholeiitic signatures (V vs.
FeO/MgO; Fig. 10). Diagrams (Figs. 11-13) place the
metabasites in arc basalt fields, suggesting a subduction set-
ting. Positive Rb, Ba, K anomalies may reflect sediment con-
tamination, while abundant zircon (Zr, Hf anomalies) indicates a
hybrid magma distinct from typical ophiolites. Gaweda et al.
(2019) suggest the protholith had a mid-ocean ridge (MOR)
character. In our opinion, the geochemical signature shows a
rather mixed calc-alkaline/tholeiitic provenence. In their 2023
paper, Gaweda et al. (2019) proposed an arc setting with
crustal contamination for the protholith, which is more consis-
tent with our results.
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Fig. 12. The position of the metabasite studied
on a Th/Yb-Nb/Yb diagram (after Pearce, 1983; N-MORB
and E-MORB values from Sun and McDonough, 1989)

Symbols as for Figure 6; the arrows mark the hybridization
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Fig. 13. The position of the metabasite studied on a
Th/Nb-Ti/V diagram (after Shervais, 2021)

Symbols as for Figure 6
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Table 5
Summary of laser ablation ICP-MS U-Pb zircon dating
Isotopic ratios Apparent age (My)

Zircon #| 27Pb/?*U | 2SE |2°Pb/>8U| 2SE |27Pb/?%Pb| 2SE | Rho |27Pb/?*%U | 2SE | 2°%6Pb/2%8U | 2SE | *"Pb/*Pb | 2SE
Z-2 0.869 |0.045| 0.0989 |0.0019| 0.0636 |0.0032|0.12 629 24 607.7 |11.0 651 110
Z-3 0.828 |0.049| 0.0998 |0.0017| 0.0603 |0.0035|0.12 602 27 613.2 |10.0 480 120
Z-4 0.830 |0.052| 0.0994 |0.0020| 0.0601 |0.0034|0.24 601 29 610.6 |12.0 480 120
Z-5 0.849 |0.052| 0.0988 |0.0019| 0.0627 |0.0038]|0.07 613 28 607.0 |11.0 570 120
Z-7 0.772 |0.045| 0.0987 |0.0018| 0.0574 |0.0033|0.04 574 25 607.5 |11.0 390 110
Z-10 0.820 |0.042| 0.0992 |0.0017| 0.0601 |0.0029|0.13 597 24 609.5 | 9.9 493 110
Z-1 0.812 |0.041| 0.0998 |0.0017| 0.0592 |0.0029|0.13 595 23 613.0 |10.0 473 100
Z-12 0.804 |0.045| 0.0989 |0.0019| 0.059 |0.0032|0.13 596 26 607.8 |11.0 480 120
Z-14 0.835 |0.044| 0.0990 |0.0018| 0.0612 |0.0031|0.09 607 25 608.5 |10.0 527 110
Z-15 0.820 |0.041| 0.0975 |0.0018| 0.0611 |0.0029|0.09 600 23 599.5 |10.0 553 100
Z-16 0.815 |0.048| 0.0990 |0.0019| 0.0596 |0.0034|0.09 593 28 608.5 |11.0 470 120
Z-17 0.830 |0.041| 0.0991 |0.0017| 0.0613 |0.0029|0.09 610 23 609.0 | 9.9 581 99
Z-18 0.827 |0.044| 0.1015 |0.0018| 0.059 0.003 | 0.02 605 24 623.1 |10.0 470 110
Z-19 0.819 |0.046| 0.1001 |0.0017| 0.0589 |0.0031|0.17 593 26 614.5 |10.0 430 110
Z-20 0.848 |0.045| 0.1006 |0.0018| 0.0613 |0.0032|0.04 614 25 617.7 |11.0 550 110
Z-21 0.825 |0.044| 0.1018 |0.0017| 0.0594 |0.0031|0.01 602 25 624.5 |10.0 450 110
Z-24 0.826 |0.043| 0.1004 |0.0017| 0.0595 |0.0029|0.07 604 24 616.3 | 9.9 508 100
Z-26 0.839 |0.050| 0.0999 |0.0018| 0.061 0.0034 (0.14 609 28 613.4 |11.0 540 120
Z-27 0.827 |0.047| 0.0998 |0.0018| 0.0604 |0.0034|0.06 605 26 613.2 |11.0 500 120
Z-28 0.856 |0.051| 0.1004 |0.0019| 0.0632 |0.0039|0.09 627 30 616.6 |11.0 600 130
Z-29 0.818 |0.040| 0.0993 |0.0016| 0.0599 |0.0028|0.02 600 22 6104 | 94 519 100
Z-32 0.819 |0.047| 0.0996 |0.0019| 0.0597 |0.0034|0.03 598 27 611.8 |11.0 470 120
Z-34 0.845 |0.043| 0.1004 |0.0018| 0.061 0.0028 [ 0.20 614 24 616.6 |10.0 553 100
Z-35 0.847 |0.054| 0.0996 |0.0019| 0.0617 |0.0039|0.00 605 30 6115 |11.0 500 130
Z-36 0.820 |0.039| 0.0986 |0.0016| 0.0601 |0.0027|0.20 605 22 606.3 | 9.4 546 91
Z-39 0.812 |0.040| 0.0994 |0.0017| 0.0593 |0.0028|0.04 599 23 610.9 | 9.7 493 98
Z-40 0.801 0.043| 0.0990 |[0.0017| 0.0587 |0.0031|0.04 587 24 608.3 | 9.8 440 110
Z-41 0.811 |0.043| 0.0997 |0.0018| 0.0594 | 0.003 |0.10 595 25 612.6 |10.0 490 110
Z-42 0.804 |0.044| 0.0979 |0.0018| 0.0598 |0.0031|0.15 596 25 601.8 |10.0 530 110
Z-43 0.833 |0.051| 0.0988 |0.0018| 0.0608 |0.0036|0.07 600 29 607.9 |11.0 500 130
Z-45 0.812 |0.048| 0.0995 |0.0019| 0.0598 |0.0035|0.12 596 28 611.0 |11.0 480 130
Z-46 0.821 0.050| 0.0984 |0.0019| 0.0615 |0.0036|0.18 600 28 605.1 |11.0 530 120
Z-47 0.846 |0.047| 0.0996 |0.0018| 0.0626 |0.0033|0.20 611 27 612.1 |11.0 560 120
Z-49 0.799 |0.049| 0.0998 |0.0020| 0.0582 |0.0035|0.08 584 28 612.9 |12.0 410 130
Z-50 0.872 |0.052| 0.1006 |0.0019| 0.0631 |0.0037|0.12 628 29 617.5 |11.0 600 130
Z-51 0.823 |0.041| 0.1002 |0.0016| 0.0595 |0.0028|0.19 603 23 615.3 | 9.7 508 100
Z-52 0.843 |0.045| 0.1003 |0.0018| 0.0615 |0.0033|0.06 616 26 616.2 |11.0 550 110
Z-54 0.807 |0.052| 0.1000 |0.0020| 0.0578 |0.0035]|0.06 587 29 6144 |12.0 420 130
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Table 6

Results of K-Ar dating measurements

Sample | % KO | Mass [mg] | % “°Ar* | Age [My] | 20 error [My] | Age total [My] | 2o error total [My]
86.0 322.53 11.41
OG-1b | 1.8953 30.58 325.9 11.9
421 3.40 0.47
88.2 345.97 9.14
0G-3 1.8032 26.28 348.1 9.5
29.5 2.16 0.33
84.2 310.24 8.42
0G-6 1.6765 20.66 311.4 9.8
9.8 1.20 1.35

GEOCHRONOLOGICAL AND PALAEOGEOGRAPHICAL IMPLICATIONS

The Outer Carpathians’ flysch deposits sourced material
from surrounding ridges which separated sedimentary basins
of the Outer Carpathians (Slaczka et al., 2006; Golonka et al.,
2019). Ophiolite-derived detritus (e.g., chromium spinels) in the
Magura Unit (Oszczypko and Salata, 2005; Bonova et al.,
2017) suggests that the material was derived from the
Marmarosh Massif, which was bordering the Magura Basin
from the SE (Slqczka et al., 2006; Tetak, 2022). On the other
hand, Osielec olistoliths occur within the Pasierbiec Sandstone
Formation, the clastic material of which was transported from
the Fore-Magura Ridge located to the north (Cieszkowski et al.,
2017; Waskowska et al., 2025).

This formation represents Middle Eocene submarine fans
and submarine mass-transport systems in the Magura Basin’s
Raca subbasin (Cieszkowski et al., 2017; Tetak, 2022).
Palaeocurrents indicate derivation from the north, from the
Grybow (Fore-Magura) Ridge, activated tectonically during this
period unlike adjacent basins (Ksiazkiewicz, 1962; Slaczka et
al., 2006).

The Outer Carpathian basement comprises the
Brunovistulicum and Matopolska Massif, between the Variscan
Bohemian Massif and Precambrian East European Craton
(Dudek, 1980; Zelazniewicz et al., 2009, 2011). Gaweda et al.
(2019, 2023) suggested an oceanic floor origin from the
Paleo-Asian Ocean, while the lack of zircon overgrowths (Fin-
geretal., 1999) and stratigraphic context tie the olistoliths to the
Fore-Magura Ridge, possibly linked to Brunovistulicum. The
611.7 +4.7 Ma U-Pb age aligns with U-Pb apatite cooling ages
(614 £3 Ma; Gaweda et al., 2023), indicating a Neoproterozoic
age for the mafic protolith of the metabasites. Variscan K-Ar
ages (348.1-311.4 Ma) reflect cataclasis and mica
recrystallization, with phengite composition (Table 2) suggest-
ing pressures of ~12.5 kbar. Such a pressure is not unique in
the metamorphic exotic rocks from the Outer Carpathians
Ridges. After recalculation of our earlier data (Kania and
Wolska, 2009) for the gneissic exotics from the Cisna Beds in
the Dukla Unit, according to the formula by Kamzolkin et al.
(2016), we obtained pressures between 9.9-14.5 kbar (assum-
ing 500°C temperature). The tectonized Fore-Magura Ridge
likely supplied these blocks to the Magura Basin olistostrome.

During the sedimentation of the Pasierbiec Sandstone in the
middle Eocene, the Fore-Magura Ridge was partly emergent
from the basin and eroded. On the southern slopes of the
Fore-Magura Ridge, mass movements occurred, facilitating the
transport of material into the basin. Large-scale mass move-
ments led to the formation of olistostromes (e.g., Cieszkowski et
al., 2009, 2012; Slaczka et al., 2012) within the Pasierbiec For-
mation. One of these olistostromes contains the olistolith inves-
tigated (Cieszkowski et al., 2017).

CONCLUSIONS

The metabasite olistoliths in Osielec, within the Pasierbiec
Sandstone Formation, are unique for the Polish Outer Western
Carpathians. They represent fragments of a supra-subduction
zone ophiolite sequence, characterized by high Fe;,Os, TiO,,
AlL,O3, Cr, Ni, Co, V, and display a mixed calc-alkaline/tholeiitic
signature due to hybridisation of magma different from that of
typical ophiolites. U-Pb zircon dating establishes a Neopro-
terozoic protolith age (611.7 4.7 Ma), while Variscan metamor-
phism and deformation (348.1-311.4 Ma) are documented by
K-Ar phengite ages. Phengite geobarometry revealed pres-
sures >12 kbar. The metabasite of the olistoliths was probably
derived from the Fore-Magura Ridge.

This work is dedicated to Prof. Tadeusz Wieser
(1922-2005), a distinguished Polish mineralogist and petrolo-
gist (Zabinski, 2005).
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