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Heavy minerals from Oligocene sandstones of the Menilite Formation
of the Skole Nappe, SE Poland: a tool for provenance specification
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Heavy minerals from sandstones belonging mostly to the Boryslav Sandstone and Kliva Sandstone members of the lower part of the
Menilite Formation (Oligocene) in the northern part of the Skole Nappe, Polish Carpathians are characterized. In the study area, the sedi-
ments were deposited in the Rzeszéw and t.ancut channel zones running from the northern margin of the basin. The most frequent heavy
minerals in the sandstones examined include zircon, tourmaline, rutile, staurolite, kyanite and garnet. Single grains of andalusite,
sillimanite, apatite, epidote, brookite and chrome spinel occur in some samples. The very small content of apatite is related to long, conti-
nental weathering in the source area, which is referred to the Paleozoic sedimentary cover of the Matopolska Block and the easternmost
part of the Upper Silesian Block. Different preservation states, morphology, degree of roundness and colour varieties suggest that the
heavy minerals studied derive from various petrographic types including metamorphic, igneous and sedimentary rocks. However, the
Carboniferous and Permian conglomerates and sandstones seem to be the most probable source rocks.
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INTRODUCTION

Analysis of heavy minerals is a powerful tool in characteriz-
ing the provenance of sedimentary material, which is an impor-
tant part of facies, basin and palaeogeographic analyses. In the
Polish Flysch Carpathians, this method has long been applied
(e.g., Jaskolski 1931, 1939; Tokarski, 1947; Nowak and
Szczurowska, 1964; Kotlarczyk, 1966; Krysowska-Iwa-
szkiewicz and Unrug, 1967; Wdowiarz et al., 1974; Zytko et al.,
1975 see Wieser and Zytko, 2006; Szczurowska, 1980, 1985,
20063, b; Leszczynski, 1981; Winkler and Slaczka, 1992, 1994;
Cieszkowski et al., 1998; Salata, 2004; Zytko, 2004; Oszczypko
and Salata, 2005; Grzebyk and Leszczynski, 2006; and refer-
ences therein), but some regions such as the northern and
northeastern parts of the Skole Nappe, have been less thoroughly
studied.

In this paper, we present the results of investigation of heavy
minerals occurring in sandstones of the lower part of the
Menilite Formation (Oligocene) in the northern part of the Skole
Nappe, Polish Carpathians (Figs. 1 and 2). We characterize the

content and features of heavy minerals, their possible differences
between the units studied and localities, and discuss the prove-
nance of the heavy mineral assemblages studied. The sandstones
belong mostly to the Boryslav Sandstone and Kliva Sandstone
members (Figs. 3-7). In the study area, they were deposited
mainly in two channel zones (Rzeszéw and tancut channel
zones, respectively), identified by facies distribution (Kotlarczyk
and Le$niak, 1990). The channel zones were path ways for trans-
port of sediment from the European Platform foreland.

GEOLOGICAL SETTING

The Menilite Formation (called also the Menilite Beds) is a
widespread Oligocene lithostratigraphic unit of the Outer
Carpathians. Its most characteristic feature is the presence of
dark, mostly black or brown shales, which accumulated on a
deep, periodically anoxic sea-floor of a flysch basin (for
palaeoenvironmental aspects see Kotlarczyk and Uchman,
2012). The Skole Basin was a trough bordered by the European
Platform in the north and the Subsilesian ridge and slope in the
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Nowak, 1963; Kaotlarczyk, 1985,
1991a). The deposits are rich in plant
detritus and contain intraclasts and
bioclasts of molluscs, nummulites,
brachiopods and others (Kropaczek,
1917a, b; Pazdro, 1930; Rogala,
1932; Bieda, 1946). The deposits are
interpreted as  turbidites and
mudflows (Rajchel, 1989; Kotlar-

Fig. 1. Map showing location of the study area (based on Kotlarczyk and Lesniak, 1990)

south. The basin was at least some 150 km across (Gagata etal.,
2012). Its Oligocene and Lower Miocene fill is formed by the
Menilite and Krosno formations, which form the highest part of
the sedimentary succession of the Skole Nappe. The Menilite
Formation of the Skole Nappe is a few hundred metres thick
and contains sandstone units (Fig. 2). Sandstones are present in
the Siedliska Member but dominate in the Boryslav Sandstone
Member (lower part of the formation) and the Kliva Sandstone
Member (lower-middle part of the formation), as well as in the
Huwniki Sandstone and Bfazowa Sandstone members in the
upper part of the formation (Fig. 2). Moreover, isolated ripples
and thin (rarely thick) sandstone beds occur in most of the other
lithostratigraphic divisions of the formation (Fig. 2). However,
the lithostratigraphic subdivision is a matter of controversy
(Malata, 2006). Some thin, rippled sandstone layers of the
Kliva Sandstone Member are interpreted as deposits of bottom
traction currents (Unrug, 1980). The Boryslav Sandstone and
Kliva Sandstone members were deposited as gravity flows,
mainly in channel zones, which brought sediment from the Eu-
ropean Platform foreland; in the study area, the Rzeszéw and
tancut channel zones were the main long-lasting corridors of
sediment supply. However, the Kliva Sandstone Member also
occupies large areas outside the channel zones (Kotlarczyk and
Lesniak, 1990), showing that these channel zones were already
filled during sedimentation of this unit.

czyk and Lesniak, 1990; Kotlarczyk,
1991a). Small foraminifers indicate
their Early Oligocene age (Blaicher
and Nowak, 1963). One sandstone
sample was studied from the 17 m thick stratotype section
Siedliska 1 at Siedliska (Figs. 1 and 3). The sample is of brown-
ish fine-grained sandstone rich in quartz, organic material and
glauconite.

BORYSLAV SANDSTONE MEMBER

This unit (Tolwinski, 1917) is widespread in the Skole
Nappe below the Kotdw Chert Member of the Menilite Forma-
tion (Fig. 2). It is 20-30 m locally up to 40 m thick, composed of
brown, light grey or yellowish, thick-bedded, fine- to me-
dium-grained, non-calcareous, poorly cemented quartz sand-
stones interbedded with locally silicified mudstones (Totwinski,
1917; Swidzinski, 1947; Kotlarczyk and Le$niak, 1990). The
sandstones are mainly quartz arenites, as in the Kliva Sandstone
Member, or quartz arenites with glauconite. Their lithosoms
show elongate geometries along the Rzesz6w and tancut chan-
nel zones (Kotlarczyk and Le$niak, 1990; Kotlarczyk, 1991b).
This unit was studied in the quarry at Tarnawka (Figs. 1 and 5),
where it was considered previously as the Kliva Sandstone
(Malata, 2006). The Hermanowa-Zmijéwka section (Figs. 1 and
4) contains yellow sandstones and a 70 cm thick bed of
ferruginous sandstones, which resemble the sandstones of the
Boryslav Sandstone Member, but their exact stratigraphic posi-
tion within the Menilite Formation is unknown.
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Slaczka and Unrug, 1966).

Sandstone beds or packages of
beds are separated by packages of
mudstones and siltstones. Sandstone
beds are commonly amalgamated
(Zgiet, 1963) and display sharp
lower and upper boundaries, graded
bedding, horizontal or cross-lamina-
tion; they are poor in drag and
frondescent marks, and in loading
structures; locally, mudballs are present (Slaczka and Unrug,
1966; Kotlarczyk and Lesniak, 1990). They form lenticular
lithosomes in transverse cross-section, which form channels
within finer deposits (Unrug, 1980). The lithosomes are up to
100 mthick and a few kilometres wide (Kotlarczyk, 1985). The
sandstones are interpreted as deposits of sand flows and
turbidites (Zgiet, 1963; Slaczka and Unrug, 1966).

OTHER UNITS AND SECTIONS

In the Rzeszdw Channel Zone, sandstones were sampled in
the Straszydle, Siedliska 2 and Hermanowa 1 sections (Fig. 1).
The Straszydle and Siedliska 2 sections are built predomi-
nantly of fine- to medium-grained, yellowish and quartz-domi-
nated sandstones.

The Straszydle section (Fig. 7A) includes an abandoned
quarry at Straszydle, where the Kotéw Chert Member and the

Fig. 2. Stratigraphic scheme of the Menilite Formation of the Skole Nappe (based on Kotlarczyk
et al., 2006), showing positions of the sections studied

Vertical bars indicate stratigraphic position of the studied sections: 1 — Siedliska 1; 2 — Straszydle; 3 —
Tarnawka, 4 — Hermanowa 1; 5 — Hermanowa 2; 6 — Siedliska 2; 7 — Hermanowa-Zmijowka; 8 —
Widaczéw 1, 2; 9 — Hucisko Jawornickie; T — Tylawa Limestone Horizon, W — Wujskie Limestone Hori-
zon, J - Jasto Limestone Horizon, U — Upper Chert Horizon, K — Konskie Tuffite, D — Dobrzanka Tuffite,
B — Bandrow Tuffite, Ki — Kiczera Tuffite

Dynow Marl Member overlain by the Rudawka Tractionite
Member (Fig. 2) crop out. Two samples have been collected
from two sandstone beds: ST1 close to the top of the Kotow
Chert Member and ST2 from a 32 cm-thick glauconitic sand-
stone bed at the base of the Dynéw Marl Member.

The Siedliska 2 section is in an abandoned quarry, where
black shales of the Rudawka Tractionite Member crop out.
Three samples were taken from three sandstone beds
interbedded with the shales (Figs. 1 and 7B).

The Hermanowa 1 section (Fig. 4) is a section of an aban-
doned quarry, where the lower part of the Menilite Formation is
exposed. Samples H1-H7 were taken from isolated sandstone
beds below a thin horizon of the Dynéw Marl Member, except
for sample H8 which is located just above this horizon. Sand-
stone samples taken in the Hermanowa 1 section differ from the
others in grain size and degree of sorting. They are built of silt
to very fine-grained, very well-sorted quartz sand.
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METHODS

Forty-seven samples of sandstones were collected for
heavy mineral analyses. Sandstones are mostly weakly or not
consolidated. The consolidated sandstones were crushed and
the <0.5 mm fraction of the crushed material was used for fur-
ther preparation. Then this fraction as well as the remaining
weakly consolidated sandstone samples were cleaned of clayey
material by wet sieving. After that the 63—250 um fraction was
extracted by standard sieving using a mechanical shaker. The
fraction extracted was washed in deionised water, disaggre-
gated in an ultrasonic bath, divided by coning and then used for
separation in heavy liquid. Sodium polytungstate of 2.9 g/cm?
density was used for separation. The heavy mineral assem-
blages were mounted in Canada balsam and studied using stan-
dard optical techniques under a polarising microscope. For
each sample, from 200 to 300 grains of transparent,
non-micaceous minerals were counted according to the ribbon
method (Galehouse, 1971). Mineral frequencies were calcu-
lated as volume percentages. To confirm the identification and
occurrence of confusing minerals they were examined using a
scanning electron microscope (SEM) Hitachi S-4700 equipped
with an energy dispersive spectrometer (EDS) Noran Vantage
working at 20kV. The morphology and surface features of min-
erals were studied by means of scanning microscopy. The pre-
liminary chemical composition of garnets and tourmalines was
determined with a wave-dispersion (WDS) electron micro-
probe using a Cameca SX-100 at the Joint-Institute Analytical
Complex for Minerals and Synthetic Substances at Warsaw
University. The WDS analyses conditions were: 15 kV acceler-
ating voltage and 20 nA beam current. Synthetic and natural
mineral standards were used for analytical calibration.

RESULTS

HEAVY MINERAL ASSEMBLAGES

The most frequent heavy minerals in the samples examined
include ultrastable zircon, tourmaline and rutile and moderately
stable staurolite, kyanite and garnet. Single grains of andalusite,
sillimanite, apatite, epidote, brookite and chrome spinel occur
in some samples. Besides, very scarce (amounts far below
0.01%) highly rounded monazite grains were found by means
of scanning microscopy.

Zircon comprises 5-32% of the counted heavy minerals
(Table 1 and Fig. 8) and includes several varieties that may be
distinguished on the basis of degree of roundness, colour and
internal features, such as zoning and inclusions. About 10% of
zircons are sharp euhedral (Fig. 9A—-C) or have only slightly to
moderately rounded edges (Fig. 9D). The euhedral crystals are
colourless, mostly with numerous inclusions (Fig. 9A, B).
Around 90% of the zircon grains are highly rounded and
smoothed and mostly colourless (Fig. 9E); very few were pink
(Fig. 9E, F) or yellow. Some grains display internal cores
(Fig. 9C) or oscillatory zoning (Fig. 9F). Individual zircons dis-
play overgrowths.

Tourmaline comprises 7-35% of the heavy fraction (Ta-
ble 1 and Fig. 8) and occurs in a few varieties. Only about 10%
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Fig. 4. Sections studied of the Rzeszéw Channel Zone with location of the samples analysed

Explanations as in Figure 3
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Explanations as in Figure 3
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Explanations as in Figure 3

of grains are present as sharp euhedral prisms, mostly ol-
ive-brown in colour (Fig. 9G). Highly rounded grains, often al-
most spherical with smooth surfaces, prevail (Fig. 9H-K).
Among the rounded grains those with olive-brown pleochroic
colours dominate, while individual grains are blue or pink, or
display a patchy brownish-green tinge (Fig. 9G-K). Prelimi-
nary analyses of chemical composition allow the distinction of
three main compositional types of tourmaline: (1) Fe-rich tour-
maline (FeO over 16 wt.%), (2) Mg-rich tourmaline (MgO over
9 wt.%) and (3) Fe-Mg tourmaline, which suggest a wide
compositional spectrum of the schorl-dravite series. The tour-
maline grains are also characterized by low contents of Ca
(CaO mainly below 0.5 wt.%). Such tourmalines with Fe and
Mg as dominant cations and low Ca contents are typical of
aluminous or Al-poor metapelites and metapsammites impov-
erished in Ca, while Fe-rich ones with low Ca may be found in
granitoids and their pegmatites (Henry and Guidotti, 1985;
Henry and Dutrov, 1992). More precise chemical analyses of
the tourmalines and more detailed provenance analyses of them
are in preparation.

The amount of garnet ranges from 0% in very fine-grained
sandstones in the Hermanowa 1 section, to 25% in the
Widaczéw section (Table 1 and Fig. 8). Euhedral crystals of
garnets (Fig. 9L) are very rare. They occur mostly as irregular
crystal fragments though highly rounded grains are also com-
mon (Fig. 9M-P). The garnets are predominantly colourless
but some of the grains are pinkish, yellowish or salmon-pink in
colour. Green grains occur as well. The garnets display various
degrees of diagenetic corrosion manifested as small-scale fac-
ets on grain surfaces to highly etched grains, with fragile edges
(Fig. 9M). The colour diversity suggests a wide compositional
variety of garnets. Preliminary chemical analyses showed that
most of the grains investigated represent Fe-rich almandine
garnets though many include up to 40 mol% of the pyrope
end-member. Moreover, some grains are characterised by a sig-
nificant contribution of spessartine (up to 38 mol%) and andra-
dite + grossularite (up to 37 mol%). The green colour of some
grains may indicate also the presence of Cr-enriched varieties
of garnet, although this has not yet been confirmed. The com-
position of the garnets suggests derivation from mainly me-
dium grade metamorphic rocks such as gneisses, amphibolites
or mica schists, contact metamorphic Ca-rich rocks and igne-
ous bodies such as granitoids, though high grade granulites or
metabasic rocks cannot be excluded (Mange and Morton, 2007
and reference therein). In order to resolve this further, detailed
quantitative analyses of the garnets are in progress.

Rutile and brookite represent TiO, polymorphs in the sam-
ples studied. Rutile dominates and constitutes 5-47% of the
translucent minerals counted (Table 1 and Fig. 8). It is most
abundant in samples from the Hermanowa 1 section in the
Rzesz6w Channel Zone (Table 1 and Fig. 8). It forms rounded
or subrounded prisms, which are red or orange in colour
(Fig. 9Q, R). Brookite was found only as single rounded grains
in some samples (Table 1).

AlLSiOs polymorphs are represented by kyanite and andalu-
site. The kyanite content varies from 4 to 27% of the heavy frac-
tion, while single andalusite grains were found in a few samples
(Table 1 and Fig. 8). Sillimanite usually does not exceed 0.5%
(Table 1). Two different types of kyanite may be distinguished in
terms of grain morphology: highly rounded almost spherical
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Fig. 7. Some studied exposures with location of the samples analysed

A - quarry at Straszydle; B — Siedliska 2 section; C — Kliva Member at Hucisko Jawornickie

grains and unrounded blades and prisms with easily visible
cleavage (Fig. 9S, T). Kyanite is chiefly colourless but grains
showing weak lavender pleochroism are also present. Andalu-
site is always highly rounded, up to spherical (Fig. 9U).

Staurolite constitutes 5-27% of the heavy mineral content
(Table 1 and Fig. 8). It is most abundant in samples from the
Tarnawka and Widaczéw sections belonging to the tancut
Channel Zone. The colour of the staurolite ranges from light yel-
low to almost orange. It is mostly irregular but some grains are
rounded and smoothed (Fig. 9V, W). Many grains display
smooth conchoidal fractures indicating mechanical destruction.

Other minerals identified in the samples include some
rounded grains of epidote (Fig. 9X), scarce rounded apatite
(Fig. 9Y, Z) and single grains of chrome spinel (Fig. 921; Ta-
ble 1 and Fig. 8). Apatite grains display corrosion surface tex-
ture indicating aggressive dissolution.

Among the heavy minerals studied, grains with hacksaw ter-
minations, facets and etch pits visible on their surfaces may be
found. Such micro-textures are visible mostly on rounded grains
of garnet, kyanite, staurolite and even tourmaline (Fig. 10).

DISCUSSION

POTENTIAL SOURCE AREAS

The Outer Carpathian nappes are overthrust upon the
Carpathian Foredeep, the basement being formed by flexurally

subsided blocks of the European Platform. The southern edge
of the platform was the northern margin of the Skole Basin in
SE Poland. Now, it is deeply subducted under the nappes and
probably tectonically reduced. Therefore, it is not available for
direct investigation. Moreover, the Carpathians form a charac-
teristic deep arc, which is turned significantly to the SE in the
study area, suggesting tectonic rotation. Therefore, determina-
tion of the exact position of the Skole Basin in relation to the
European Platform is not obvious. Judging from the subsurface
maps, the northern margin of the Skole Basin in the study re-
gion can be formed by extension of the Matopolska Block and
the Upper Silesian Block, which are separated by the NW-SE
trending suture zone of the Krakéw-Lubliniec Fault Zone
(Fig. 11; Buta and Habryn, 2011).

Palaeocurrent measurements indicate two main directions
into the Skole Basin during the Oligocene. According to
Ksiazkiewicz (1962) and Slaczka and Unrug (1966), the clastic
material was transported from the NW in the southern and
western parts of the Skole Basin. Kotlarczyk (1966, 1976)
made palaeocurrent measurements indicating transport towards
the S and SW from the northeastern margins of the Skole Basin
in Poland. On that basis — also supported by the petrography of
clasts in the Kliva Sandstone — the latter author suggested the
southwestern margin of the East European Craton as the most
probable general source region for the sandstones. However,
later discovery of the channels zones (Kotlarczyk and Le$niak,
1990), reconstructed mainly on the basis of facies analysis, in-
dicates transport from the northern margin of the basin towards
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Table 1
Percentages of heavy minerals (volume %)
in the sandstones investigated
Sam- Mineral
ple | Zr [Tur | Rt | Grt| Ky | St |And | Ep | Ap | Sp | Sill | Br

H1 12 | 25 | 43 0| 16 4| - 1 - | - - -
H2 12 | 26 | 36 3|11 8| - 2 1 - - | T
H3 15|32 | 29 0| 16 7| - 1 T | - - -
H4 14122 (3| 4|12 |10 - | T |1 ]|-|-]-
H5 171193 |10|10 |12 | - | T | T |- | -] -
H6 18|17 (3| 0|15 |12 | - | 2 | T | T |- | -
H7 18 | 15 | 47 4 9 4| - 1 1 - = =
H8 15|12 |26 | 3|26 |16 | - | - |1 | - | - | -
HK1 | 25 |14 (20| 11 |10 | 17 | 1 1 T | - - -
HK2 | 17 | 27 | 24 919 13 | - - 1 - - | T
HK3 7|29 9|12 |16 |24 | 1 1 T | - - -
HK4 | 10 | 28 | 18 | 12 | 16 | 14 | 1 T 1 - | T | -
HK5 [ 22 | 14 |15 |21 |13 |12 | T = 1 - - -
SK1 |26 |22 |21| 5|12 |14 | - | - | - | - | - | -
SK2 |20 |18 |26 | 8|14 |13 | T | T | -| - | -] -
SD1 |29 |20 |22 (13| 6| 9| - | - |1 |- |- |T
SD2 |26 12|29 (19| 5| 8| T |- | T | T |- |T
SD3 |27 20|24 (13| 6|10| - | - | T |-|-]-
ST1 |27 |17 | 25 | 15 6 9| T - | T | T|-1|T
ST2 |27 |20 | 22| 11 8|11 | - - | T | - - -
Widl | 18 | 21 | 11 7119 |21 | - 1 2 - - -
Wid2 |22 |14 | 15 | 17 |13 |19 | T = - | T | - -
Wid3| 6|23 |10 |14 |23 |21 1 1 1 - - -
Wid4| 15|19 | 6|13 |22 |25 | - | T |- | - | - | -
Wid5| 10 |25 |11 |10 |19 |25 | - | T | - | - | T | -
Wid6 | 15|13 | 8|25|20|16 | 1 | - | T | T |T]| -
Wid7 | 10 | 27 | 14 | 10 | 19 | 19 | - - - | - - -
Wid8 | 23 | 17 |20 | 11 | 11 | 15 | - 1 - | T | - =
Wid9 |17 |20 |12 10|20 |21 | T | T |- | - | - | -
Tnl 16 |22 |18 | 11 | 13 | 18 | - 1 2 1 - -
n2 12 |14 |17 | 16 | 21 | 18 | 1 - 2 - - -
n3 11 |16 | 16 | 11 | 17 | 27 | - T 1 - - -
Tnd 16 8|27 |12 |16 |20 | - 1 - | - 1 -
™5 |24 |13 |18 | 8|14 |22 | - | - |1 |- |T]| -
Tn6 |18 |13 |12 |18 |18 |19 | T | - | - | - | 1 | -
™7 |24 |14 |19| 9|14 |20 - | - | - | - | T | -
Tn8 14 | 27 5112 | 19|22 | - 1 - | - - -
Tn9 14 | 21 7114 | 21|24 | - T | T | - = =
Tnl0 | 19 | 23 | 11 9|14 | 24| - T | T | - - -
Tnll |30 |21 |20 | 9 7|13 | - - - | - - -
Tnl2 | 13 | 35 | 11 7|11 |22 | - T | -] - 1 -
Tni13 | 15 | 16 | 11 | 14 | 27 | 18 | - - - | - - -
Tnld | 20 | 21 | 22 | 12 8 |17 | - - - | - - -
HJ1 17 | 23 6 9|15 |26 | 2 1 1 - - -
H2 |20 |17 |10|19 15|18 | 1 | - | - | - | - | T
SI1 |3)] 8|20 11| 5|21 | - | - |2 |- | -] -

Zr - zircon, Tur — tourmaline, Rt — rutile, Grt — garnet, Ky — kyanite, St —
staurolite, And — andalusite, Ep — epidote, Ap — apatite, Sp — chrome spinel,
Sill - sillimanite, Br — brookite, T — minerals in amounts <0.5% but >0.1%
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Fig. 8. Heavy mineral abundances
in the Menilite Formation sandstones investigated

Other minerals include andalusite, epidote, apatite,
chrome spinel, sillimanite and brookite

Sand SE. This concerns the study area, especially the Rzeszéw
and tancut channel zones. Provided that the northern margin of
the Skole Basin was located a few tens of kilometres to the
south from the present marginal Carpathian overthrust, and
making allowance for later rotation, the mouths of the two
channel zones adjoin the western part of the Matopolska Block
and the easternmost tip of the Upper Silesian Block (Fig. 11).
Therefore, both blocks can be considered as source areas for
the sandstones in the study area. Judging from the diversity and
morphological features of the heavy minerals studied, their
source rocks were probably mainly sedimentary rocks, such as
sandstones and conglomerates with some contribution from ig-
neous and metamorphic rock bodies. Among sedimentary
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Fig. 9. Heavy mineral images from the sandstones of the lower part of the Menilite Formation

Zircon: A —euhedral, B —euhedral, colourless with numerous inclusions, C — euhedral, colourless with internal core, D — subhedral, E - rounded, pink and
colourless, F —rounded, pink with oscillatory zoning; tourmaline: G — sharp, euhedral, olive-brown prism, H — rounded, olive-brown, | — rounded blue, J
—rounded pink, K — rounded, patchy; garnet: L —euhedral, M — rounded salmon-pink with fragile edges, N — rounded pinkish, O — rounded, salmon-pink,
P —rounded green; rutile: Q — subhedral, reddish, R — rounded, orange; kyanite: S — euhedral with well-developed cleavage, T — rounded, colourless; U —
rounded strongly pleochroic andalusite; staurolite: V —rounded yellow prismatic, W — irregular orange fragment with dissolution features; X — rounded
greenish-yellow epidote; apatite: Y — subrounded prism, Z — rounded colourless prism with greenish-brown patches and dissolution features; Z1 —
subrounded red-brown chrome-spinel grain; images in colour-PPL, black and white images-SEM. The scale bar is 50 um long
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Fig. 10. Dissolution features and etch pits on heavy mineral surfaces

A - rounded tourmaline with small etch hacksaw terminations, B — garnet fragment with dissolution facets and gaps af-
ter solid inclusions, C — rounded kyanite with small hacksaw terminations, D — irregular fragment of staurolite with etch
pits on smooth, conchoidal fractures; SEM images

sources the most prospective seem to be the Carboniferous and
Permian clastic rocks, although flysch strata older than
Oligocene cannot be excluded. Therefore, a brief outline of the
geological successions of both of these blocks is necessary in
order to consider their development and composition.

The Carboniferous transgression invaded the Matopolska
Block from the north on the morphologically varied surface
formed during the Bretonian Phase of the Variscan orogenic cy-
cle; thus, the Lower Carboniferous sediments rest on various
units spanning from Precambrian to Devonian (Buta, 2000; Buta
and Habryn, 2011). The Carboniferous strata, preserved mainly
in depressions and on slopes, represent stages from the
Tournaisian to Visean and locally to the Namurian A (Jawor and

Baran, 2004). They are developed as three lithologically differ-
ent successions: clastic-carbonate, carbonate and clastic (Culm)
(e.g., Moryc, 1987, 1992, 1996, 2006; Jawor and Baran, 2004).
The Tournaisian clastic-carbonate succession is built of rocks
from shale to coarse-grained quartz arenite with intercalations of
carbonate, while in the succeeding Lower Visean carbonate suc-
cession terrigenous material does not exceed a few percent. The
Visean clastic strata are developed in the Culm facies as dark
shales and mudstones with intercalations of sandstone. These de-
posits contain numerous charred plant fragments that reach con-
siderable size (Jawor and Baran, 2004). The Upper Carbonifer-
ous deposits overlying the Culm were drilled only locally (Jawor
and Baran, 2004). Upper Visean-Namurian A strata are up to
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Fig. 11. Sub-Cenozoic geological structures of the Upper Silesian and Matopolska blocks and the Carpathian Foredeep
with outline of the Paleocene—Oligocene position of the northern margin of the Skole Basin (based on Oszczypko and Salata, 2005
and Oszczypko et al., 2006 and references therein)

500 m thick now, but according to Jawor and Baran (2004) they
may have been much thicker and move widely distributed before
erosion. During the new phase of transgression (Late
Permian-Triassic) deposits ranging from conglomerates to
shales accumulated. The Carboniferous—Permian strata of the
Matopolska Block exposed to the north of the Krzeszowice
graben, in the western part of the area, represent a composition
similar to the Stephanian Kwaczata Arkose from the Upper
Silesian Block. The main constituents of these rocks are quartz,
K-feldspar, siliceous rock fragments and mica (Siedlecka and
Krysowska, 1962). Further to the east of the region occur strata
termed the Karniowice sandstones. Their mineral composition is
also similar to the Kwaczata Arkose although the mineral pro-
portions and features differ, indicating that they represent re-
worked clastic material of the arkose (Siedlecka and Krysowska,
1962).

Clastic sedimentation in the Moravian-Silesian Basin, inter-
rupted by episodes of carbonate sedimentation, lasted mainly
from the Devonian to the Permian (Unrug and Dembowski,
1971; Buta, 2000 and references therein). The Devonian—Lower
Namurian A flysch sequence (Kotas, 1982) is overlain by the
Carboniferous coal-bearing succession, which is subdivided into
paralic and the limnic sequences (e.g., Unrug and Dembowski,
1971; Kotas, 1982; Buta and Krieger, 2004). The paralic se-
quence is interpreted as the sediments of a deltaic system influ-
enced by fluvial, limnic, lagoonal and marine processes (e.g.,
Unrug and Dembowski, 1971; Gradzinski et al., 2005). The suc-
ceeding limnic sequence is subdivided into three sedimentary

units (Stopa, 1967; Dembowski 1972; Kotas, 1982): the Upper
Silesian Sandstone Series (Namurian B—C), the Mudstone Series
(Westphalian A-B) and the Krakéw Sandstone Series
(Westphalian C-D). The Upper Silesian Sandstone and the
Krakéw Sandstone units are composed mainly of sandstone,
conglomerate and coal. Fine-grained deposits dominate in the
Mudstone Series, while the coal seams are rare. The depositional
environment of the limnic sequence is generally interpreted as a
continental cover deposited on an alluvial plain (Unrug and
Dembowski, 1971). The Mudstone Series represent the deposits
of meandering rivers (Doktor and Gradziniski, 1985; Gradzinski
et al., 2005), while the Krakéw Sandstone Series is believed to
have been formed on an alluvial plain by a braided river includ-
ing channels and floodplains (e.g., Gradzinski et al., 1995, 2005;
Doktor, 2007). Clastic deposits of the paralic strata are chiefly
represented by pelites and fine- to coarse-grained sandstones:
compositionally lithic arenites, sublitharenites and subarkoses
(Swierczewska, 1995), conglomerates and pyroclastic material.
Rock pebbles found in the paralic strata are represented by meta-
morphic rocks such as gneisses and quartz-mica schists,
granitoids and pegmatites, quartz arenites and cherts. The rock
pebbles from the upper part of the limnic strata (Krakéw Sand-
stone Series) represent generally similar proportions and types of
metamorphic and sedimentary rocks but in relation to the paralic
strata they include granulites and are enriched in volcanogenic
pebbles (Paszkowski et al., 1995 and references therein). The
Variscan sedimentary cover following the limnic sequences is
represented by the Kwaczata Arkose and Permian deposits. The
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grain framework of sandstones is built mainly of quartz and
K-feldspars but rock clasts occur as well (Swierczewska, 1995).
Among crystalline pebbles occurring in the arkose, vein quartz,
silicic plutonic and volcanic rocks as well as gneisses and mica
schists are the most abundant (Turnau-Morawska and tydka,
1954; Paszkowski et al., 1995), while in the Permian deposits
various volcanic rocks, termed by Heflik and Siedlecka (1962)
and Siedlecka (1964) quartz or non-quartz porphyritic rocks
(rhyolites? and dacites?) and tuffs have been found.

The upper surface of the Carboniferous in the Upper
Silesian Block was formed during pre-Permian (Variscan oro-
genesis) and especially during intense pre-Miocene (Alpine
orogenesis) diastrophic movements and erosive processes
(Bufa and Krieger, 2004). Extensive erosion associated with
these movements drastically reduced the Carboniferous strata,
which are preserved mostly in depressions and on slopes of lo-
cal elevations. During the early Oligocene, the Carboniferous
eroded material was most probably transported to the
Carpathian basins bounding the Upper Silesian and
Matopolska blocks. This idea is supported by numerous find-
ings of Carboniferous coal clasts in the Cretaceous and
Paleogene deposits of the Silesian, Subsilesian and Skole
flysch succession (Turnau, 1962, 1970; Kotlarczyk and
Sliwowa, 1963; Kotlarczyk, 1979). The coal fragments contain
Upper Carboniferous (mainly Westphalian but also Namurian)
microspores and pollen known from the Upper Silesian Coal
Basin and the Bug Depression as well (Turnau, 1962, 1970;
Kotlarczyk and Sliwowa, 1963). They suggest that the Carbon-
iferous coal basins extended far to the south-east of the Upper
Silesian Coal Basins and may have been distributed in a broad
area ranging from the Upper Silesian Coal Basin to the Bug
Depression (Turnau, 1962, 1970) and situated now under the
Carpathian overthrust.

Igneous bodies of Late Silurian and Carboniferous-Permian
age have been drilled in boreholes in the Matopolska and Upper
Silesian blocks on both sides of the Krakéw-Lubliniec Fault
Zone (Zaba, 1999; Zelazniewicz et al., 2008, and references
therein). They are mainly granitoids, tephrites (basanites),
trachybasalts, lamprophyres, rhyolites and dacites in the mar-
ginal part of the Matopolska Block and dacites, basalts, tephrites,
lamprophyres and gabbros in the Upper Silesian Block (Zaba,
1999 and references therein). Metamorphic rocks such as gneiss-
es, amphibolites, various schists and crystalline limestones, be-
longing to the crystalline basement of the Upper Silesian Block,
have been found in the Rzeszotary—Krakow region. They are ac-
companied by skarns and marbles, which are related to Carbon-
iferous—Permian magmatism. Regionally metamorphosed rocks
of the Malopolska Block are represented by the Protero-
zoic—?Lower Cambrian metasediments developed as phyllites or
low temperature schists (Zaba, 1999; Zelazniewicz et al., 2008,
and references therein).

The Kliva Sandstone is poor in exotic pebbles other than
Upper Carboniferous coal fragments but the Babica Clay and
upper part of the Ropianka Formation (called also the
Inoceramian Beds) contain blocks, pebbles and grains of
gneiss, mica schist and phyllite, Devonian and Carboniferous
carbonate and coal, Permian volcanic and Jurassic carbonate
rocks (Kotlarczyk and Sliwowa, 1963). Almost all the pebbles
are rounded except for the coal fragments and metamorphic

and Upper Jurassic carbonate clasts (Kotlarczyk and Sliwowa,
1963). According to these authors, the Paleocene—Late
Oligocene northern margin of the Skole Basin was built mainly
of Devonian and Carboniferous strata, Precambrian metamor-
phic rocks, which were locally overlain by Permian, Trias-
sic-Middle Jurassic rocks and subsequent strata. Numerous
boreholes reaching the northern part of the basement of the
Carpathian nappes made in the 20th century seem largely to
support this hypothesis.

COMPARISON WITH THE EXISTING HEAVY MINERAL DATA

Investigators dealing so far with the subject of heavy miner-
als from the Oligocene strata of the Skole Nappe usually pub-
lished their data with reference to the Menilite Formation sand-
stones or the Menilite-Krosno units (Jaskélski, 1931; Tokarski,
1947; Szczurowska, 1970, 1971, 1973). The published heavy
mineral analyses were mostly connected with drilling projects
located in the south-eastern sector of the Polish part of the
Skole Nappe (Szczurowska, 1970, 1971, 1973). Some data
come from sections of the Ukrainian part of the nappe (e.g.,
Opir River Valley; Tokarski, 1947). However, detailed correla-
tion of the heavy mineral percentages from the sections studied
with the data in the literature is difficult or sometimes impossi-
ble, since previous investigators quoted weight percents includ-
ing opaque minerals, or they did not provide information about
percentages at all. In the Opir section garnet, zircon, tourma-
ling, rutile, staurolite, andalusite and kyanite have been found
in the Menilite Formation, while apatite is not mentioned. Zir-
con dominates there in the heavy mineral fraction, with garnet
and rutile in second and third place respectively, while tourma-
line and staurolite occur in amounts of less than 10% (Tokarski,
1947). Szczurowska (1971) mentioned that the Kliva Sand-
stone includes higher amounts of zircon than the sandstones in
the upper part of the Menilite-Krosno Series but the description
lacks detailed data. Sandstones occurring in shales of the
Menilite Formation near Rudawka Rymanowska contain com-
parative amounts of garnet and tourmaline, slightly less zircon
and minor amounts of staurolite (Jaskolski, 1931).

The source rocks of the Oligocene sandstones studied (see
the chapter: Potential source areas) should be referred to mostly
sedimentary rocks of the Matopolska and Upper Silesian
blocks, mainly the Carboniferous and Permian clastic rocks. As
noted in the previous section, they probably occupied a much
larger area than today (Fig. 11), before the Oligocene and sub-
sequent erosion. It is also possible that they were exposed ex-
tensively in the margin of the basin that is now deeply
subducted under the Carpathians.

The available data on heavy minerals from the Carbonifer-
ous clastic rocks occurring in the Upper Silesian Block are
scarce and refer chiefly to the Krakéw Sandstone Series
(Krysowska, 1959; Krysowska et al., 1960; Zachun, 1996) or
the Kwaczata Arkose (Turnau-Morawska and tydka, 1954).
Compiled heavy mineral data in these references show that the
heavy mineral assemblages occurring in the Upper Carbonifer-
ous strata of the block consist of the same minerals as those
found by us in the Menilite Formation. The similarities concern
also the colour and morphology of zircon, tourmaline and gar-
net grains. The main difference deals with the contribution of
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apatite. The mineral is common in the Carboniferous strata of
the Upper Silesian Block, reaching several percent. However, a
gradual decrease in apatite was noticed in the younger beds of
the Krakow Sandstone Series (Krysowska et al., 1960 and ref-
erences therein). The Permian-Carboniferous clastic rocks of
the Krakow region (the Kwaczata Arkose and the so called
Karniowice sandstones; +tydka, 1955; Siedlecka and
Krysowska, 1962) are similar in terms of heavy minerals to the
corresponding strata of the neighbouring Upper Silesian Block,
though a gradual decrease in less stable minerals and in apatite
content may be noticed towards the eastern parts of the Krakdw
region (Siedlecka and Krysowska, 1962). This feature allowed
Siedlecka and Krysowska (1962) to draw the conclusion that
sandstones occurring in the Krakdw area partially represent re-
worked material of the Kwaczata Arkose. The heavy mineral
assemblages of the sandstones correspond well with those
studied in the Menilite Formation, especially concerning their
habit and optical features as well as their apatite content.

HEAVY MINERAL CONSTRAINTS

The composition of heavy mineral fractions is similar in all
the samples studied, irrespective of the two channel zones rep-
resented by the sections studied. Samples representing the
tancut Channel Zone have generally comparable frequencies
of the main minerals. The percentage differences between sam-
ples do not correlate with a specific locality and are insignifi-
cant for provenance considerations. Nevertheless, elevated
proportions of rutile in relation to the remaining minerals but
especially in relation to garnet and, to a lesser extent staurolite,
are characteristic of samples collected from the Hermanowa 1
section (H1-H8) related to the Rzeszéw Channel Zone. This
does not concern other samples representing the same channel
zone collected in the vicinity of the Hermanowa 1 outcrop
(Fig. 1). Two reasonable possibilities may explain the high
rutile concentration: 1) there was a sudden delivery of material
rich in rutile from an eroded source area and 2) the rutile con-
centration is a consequence of complex hydraulic processes af-
fecting mineral settling. As the other sandstones representing
the same time interval and occurring close by (see Figs. 1
and 2) do not contain so much rutile and so little garnet the first
idea seems to be the least probable while the second one is
worth discussion. The sandstones occurring in the Hermanowa
1 section represent silt to very fine grained, very well-sorted
sand, while all the other sandstones sampled within the
Rzeszéw Channel Zone are medium grained and well- to mod-
erately sorted. One of the most important factors influencing
the concentration of heavy minerals in sands is their hydraulic
behaviour during transport. It is strongly affected by mode of
transport, sorting mechanisms as well as grain shape, density
and size (e.g., Mange and Maurer, 1992; Morton and
Hallsworth, 1999; Cascalho and Fradique, 2007). All these fac-
tors may distort the initial provenance signal. Rutile has a dif-
ferent shape and density than garnet, staurolite and the remain-
ing minerals, thus its settling potential is different. Besides,
rutile often occurs as small grains while garnet and staurolite
frequently occure as large grains (Mange and Maurer, 1992).
Nevertheless, the clastic material of the sandstones studied
most probably underwent considerable recycling. Therefore,

the high rutile concentration in the Hermanowa 1 section seems
to be a combination of several factors, although as the problem
concerns only the very fine-grained sandstones the grain size
distribution seems to be significant.

Euhedral zircons, tourmalines and kyanite as well as locally
found euhedral garnets most probably derive directly from the
parent rocks and their pebbles, while the rounded grains seem
to have more complex provenance. The high degree of round-
ness and the smooth surface of prevalent minerals suggest three
possible mechanisms of their accumulation: (1) long trans-
portat from a primary crystalline rock source in a current-swept
environment, (2) multiple recycling of clastic material, i.e. ori-
gin from sedimentary sources and (3) a combination of both re-
cycling and transport in an aqueous environment. The suite of
the minerals studied is resistant to weathering and transport and
may survive several cycles of erosion and sedimentation. How-
ever, staurolite, kyanite, garnet and tourmaline display surface
features of dissolution, such as etch pits and hacksaw termina-
tions (Fig. 10) which indicate that they underwent intrastratal
solution during burial diagenesis. Staurolite and kyanite are sta-
ble in shallowly buried strata. Kyanite becomes unstable below
1800 m, while staurolite disappears below 3100 m (Morton,
1984). Corrosion textures appear on their surfaces in between
these depths as an effect of high-temperature pore fluid action
leading consequently to dissolution (Morton, 1984; Morton
and Hallsworth, 2007 and references therein). Etch pits on tour-
maline surfaces may be connected with burial in sandstones
containing hydrocarbons rich in H,S (Morton and Hallsworth,
1999). Since the etch pits exist on rounded grains, it is difficult
to determine unambiguously if these formed in the source area
or during burial in the Skole Basin. Nevertheless, the deposits
sampled are very poorly cemented, if at all, so diagenesis seems
not to be advanced. Therefore, diagenetic dissolution features
visible on the rounded grains appear to be inherited from source
rocks than due to burial. Additionally, the fact that staurolite
and kyanite are corroded yet still remain suggests limited burial
depth in the source area.

The low amount, or absence, of apatite in the heavy mineral
assemblages studied is striking. Three hypotheses to explaining
this are possible: (1) apatite was not present in primary rocks,
(2) its loss was caused by diagenetic conditions, or (3) it under-
went almost complete weathering during storage periods in a
source area or during deposition before final burial. A total lack
of apatite in the primary rocks seems to be the least probable
idea, as numerous metamorphic or igneous rocks contain this
mineral (e.g., Nash, 1984; Deer et al., 1992; Chang etal., 1998).
Apatite is also believed to be resistant to burial processes and
rather develops secondary overgrowths than undergoes disso-
lution (Morton and Hallsworth, 1994, 1999; Turner and Mor-
ton, 2007). The Cretaceous and Paleogene flysch sandstones of
the Magura Nappe, for example, contain significant amounts of
this mineral although its host sediment underwent multiple re-
cycling and deep burial diagenesis (Oszczypko and Salata,
2005). However, apatite is unstable in the weathering zone, es-
pecially during alluvial storage in well-vegetated humid envi-
ronments, as is manifested in corrosion features on grain sur-
faces (e.g., Morton, 1986; Morton and Hallsworth, 1994, 1999;
Turner and Morton, 2007). Moreover, apatite tends to be re-
duced in coastal marine environments and wholly removed
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from fluvial and deltaic sediments (Morton and Johnson, 1993;
Morton and Hallsworth, 1994, 1999). The rare grains of apatite
identified are rounded as are most of the other grains but like
them display surface features indicating dissolution. The prob-
lem of the absence of apatite leads to the conclusion that the
sedimentary material of the sandstones studied was probably
transported and/or stored in a humid alluvial environment prior
deposition and burial in the Skole Basin. The idea corresponds
well with the depositional environment determined for the Car-
boniferous strata of the Upper Silesian Coal Basin (see Doktor
and Gradzinski, 1985; Gradzinski et al., 1995; Doktor, 2007).
As noted above, the first signs of apatite dissolution may be vis-
ible in the Upper Silesian Coal Basin, which presumably was a
primary site of its deposition. The apatite content decreases to-
wards younger Carboniferous strata of the basin (Krysowska et
al., 1960 and references therein). Further apatite disappearance
was noted to the east, in the reworked Carboniferous deposits
of the Krakow area (Lydka, 1955; Siedlecka and Krysowska,
1962) and finally it is almost absent in the Menilite Formation,
representing the latest site of burial.

Different preservation states, degrees of roundness and col-
our varieties reinforced by the preliminary chemical analyses, in-
dicate that the heavy minerals studied might derive from various
rock type. Highly rounded grains most probably derive from
sedimentary rocks such as sandstones or conglomerates but they
may equally derive from metasediments. The latter idea is sup-
ported by the contribution of staurolite and kyanite in the assem-
blages. The chemical composition of the garnets suggests mainly
various medium grade but also high-grade metamorphic bodies
as their parent rocks. The tourmaline chemistry points to meta-
morphic as well as igneous primary rocks. Rare euhedral grains
of zircon and tourmaline suggest that the parent rocks were igne-
ous and igneous/metamorphic bodies situated near to the Skole
Basin. The high degree of roundness of minerals indicates wa-
ter-borne transport, while the lack of apatite suggest alluvial stor-
age before final deposition in the Skole Basin.

MODE OF TRANSPORT

Bukowy (1957) noted that Carboniferous and Upper Juras-
sic blocks and pebbles of low roundness from the Babica Clay
(Paleocene) derived from a nearby land, while rounded pebbles
were transported by a fluvial system from remote parts of the

land and deposited in a foreland of the Skole Basin prior to final
deposition. The coexistence of variously rounded terrigenous
material was explained by its simultaneous slumping into the
deeper parts of the basin (Bukowy, 1957). The Kliva Sandstone
does not display features of such processes; therefore, its sand
may have been transported by bottom currents (Kotlarczyk and
Sliwowa, 1963). The foreland margins were initially steep, but
became flattened during the Oligocene, when beaches devel-
oped and clastic material was delivered by a fluvial system
from nearby land (Kotlarczyk and Sliwowa, 1963). According
to Kotlarczyk (1976), the good sorting and petrographic matu-
rity of the Kliva Sandstone at many localities can be explained
by redeposition of aeolian sands, which accumulated in dunes
developing in a subtropical climate on the Precambrian base-
ment and on its sedimentary cover. These ideas correspond
well with the interpretation of the absence of apatite in the
heavy minerals investigated, which was probably dissolved
during transportation or storage before final deposition.

CONCLUSIONS

The source area for the Oligocene sandstones of the Skole
Nappe in the region of the Rzeszdw and tancut channel zones
is referred to the Paleozoic sedimentary cover (particularly the
Carboniferous and Permian conglomerates and sandstones), of
the Matopolska Block and partly of the Upper Silesian Block.
However, the idea that the older flysch strata of the Skole
Nappe and Proterozoic metasedimentary rocks also delivered
clastic material to the Skole Basin cannot be excluded. The
strong rounding of heavy mineral grains was formed during re-
peated recycling and/or in aqueous environments before final
burial in the Skole Basin. Rare euhedral grains of heavy miner-
als derive most likely directly from primary source rocks,
which may have been igneous bodies intruding into the sedi-
mentary cover of the Matopolska and Upper Silesian blocks
and associated metamorphic rocks.
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