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Abstract: The deposits of the Turonian—Paleocene Ropianka Fm (Skole Nappe, Polish Outer Carpathians)
were subdivided into 11 sedimentary facies and subsequently 7 facies associations, corresponding to different
depositional environments of the turbidite system. The depositional setting includes a wide range of process-
es in sedimentary environments from proximal channel-fill deposits to channel-lobe transition zone and a full
spectrum of lobe sub-environments, i.e., lobe-axis, off-axis and lobe-fringe, distal-fringe, and interlobe areas.
The Campanian—Paleocene evolution of the western Skole Basin shows several progradational-retrogradational
cycles and corresponding shifts from carbonate- to siliciclastic-dominated sedimentation, mostly as a result of rela-
tive sea-level changes and tectonic activity. The progradational-retrogradational cycles start with the appearance of
sand-rich bodies, which tend not to occur up the succession. Four evolutionary stages are distinguished, including
1) the early Campanian marlstone-dominated sedimentation (Kropivnik Fucoid Marl Mbr) in the lower-slope or
base-of-slope settings, which correlates with a relative sea-level highstand, 2) the late Campanian progradation of
the turbidite system with siliciclastic sedimentation (Turnica Flysch Mbr) and a major sediment distribution path,
extending along the northern margin of the basin, 3) the Maastrichtian progradational-retrogradational cycle with
the influence of a carbonate source, and 4) mixed carbonate-siliciclastic sedimentation (Leszczyny Mbr) with ex-
otic-bearing mass transport deposits (Makowka Slump Debrites and Babica Clay) and a general trend of cessation
of carbonate sedimentation up the sections. The complex facies distribution through the time interval studied is
the effect of basin asymmetry with a relatively steep southern slope and a gentler northern slope and the action
of multiple sediment sources. The highly aggradational trend of particular depositional elements, vari-
ability in calcareous sediment content and palaeotransport directions indicate the presence of morpho-
logical obstacles and/or the semi-confined character of the western part of the basin.
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INTRODUCTION

Facies analysis plays an important role in basin analysis
and serves as a tool to track the evolution of fossil depo-
sitional environments. This also applies to the deep-water
setting, where turbidite systems represent an ultimate sink
for the vast majority of sedimentary materials on Earth, in-
cluding anthropogenic pollutants (e.g., Martin et al., 2022).
The consequence of the capturing and burial of these de-
posits has also a great influence on carbon sequestration
and climate (e.g., Arthur et al., 1988). Our understanding
of the architecture and evolution of deep-water systems is
constantly growing and models for facies prediction are

now better than ever. However, the multiplicity of factors,
which strongly influence turbidite systems (e.g., nature of
the source, tectonic setting, eustatic sea-level changes, cli-
mate), leads to a wide variety of ancient records and pro-
posed models that describe them (e.g., Mutti and Normark,
1987; Mutti, 1992; Reading and Richards, 1994; Pickering
et al., 1995; Bouma, 2000; Mutti et al., 2009; Pickering
and Hiscott, 2015; Tinterri et al., 2020). Without a quantita-
tive approach, it is very difficult or impossible to compare
two different turbidite systems and to analyse the impact
of different factors on sedimentation. Hence, collecting
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comparable quantitative data and analysis using statistical
methods is important for the better description and under-
standing of depositional systems worldwide.

Previous detailed sedimentological and facies analyses
were limited to a few relatively small areas in the central
segment of the Skole Nappe and presented the Ropianka Fm
as a mixed sand-mud depositional system with well-devel-
oped channel-lobe complexes (Lapcik, 2017, 2018, 2019).
During the present study, a larger area was investigated in
the western part of the Skole Nappe to obtain a larger amount
of data and to compare the uniformity of Late Cretaceous—
Paleocene sedimentation between the western and central
parts of the Skole Basin. The main purposes of this paper
are: 1) to descriptively and statistically characterise the de-
posits of the Ropianka Fm in the western part of the Skole
Nappe south of Tarnéw and to distinguish the morphody-
namic architectural elements of the deep-marine system,
2) to investigate the evolution of the turbidite system in
a narrow basin setting, and 3) to give an extended sedimen-
tary background to the Ropianka Fm for future studies.

GEOLOGICAL SETTING
Skole Nappe

The study area is located south of Tarnéw, between the
Dunajec and Biata rivers, in the western part of the Skole
Nappe, which is the most external major lithostratigraphic
unit of the Polish Outer Carpathians (Fig. 1). The deposits of
the Polish Outer Carpathians are interpreted as the sedimen-
tary infill of several deep marine basins that existed during
late Jurassic—early Miocene times in the NE branch of the
Tethys Ocean (e.g., Gagala ef al., 2012; van Hinsbergen et
al., 2020). The sedimentary infill of the Carpathian basins
was folded and thrust as a series of imbricated nappes onto
the Carpathian Foredeep in the Early and Middle Miocene
(Golonka et al., 2006; Slaczka et al., 2012). The margin of
the Carpathian thrust and allochthonous folded Miocene
deposits bounds the study area to the N. To the S, folded
and imbricated thrust sheets of the Silesian and Subsilesian
Nappes are thrust onto the Skole Nappe (Fig. 1).

The Skole Nappe contains 3-3.8 km thick sedimenta-
ry succession (Oszczypko, 2006), which records post-rift
deepening of the Skole Basin (Malata and Poprawa, 2006),
through a well-developed turbidite system, to a remnant
foreland basin, which was ultimately folded and thrust to
the N and NE onto the Carpathian Foredeep during the early
Miocene (Kotlarczyk, 1988a; Gagata et al., 2012). During
the Hauterivian—Cenomanian the Skole Basin was part of
the Severin-Moldavidic Basin, which included sediments
deposited at the early stage of the subsequent Silesian,
Subsilesian, and Skole Basins (Golonka et al., 2008;
Slaczka et al., 2012). The sedimentary succession of the
Skole Nappe (Fig. 2) starts with a thin series of Hauterivian
calcareous clayey and silty mudstone (~13 m thick, Belwin
Mudstone) and noncalcareous sediments of the Hauterivian—
Cenomanian, dominated by black clayey and silty mudstone
with a minor contribution of sandstone and siltstone (~220—
240 m thick, Spas Shale; Gucik 1963; Kotlarczyk, 1988a;
Bak et al., 2014). The aforementioned deposits are thought
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to be related to post-rift thermal subsidence (Malata and
Poprawa, 2006). During the Cenomanian—Turonian sedi-
mentation was dominated by black and variegated clayey
and silty mudstone (~40 m thick Barnasiowka Radiolarian
Shale Fm), formed below the local carbonate compensation
depth (Gucik 1963; Bak et al., 2014). Turonian—Paleogene
sedimentation (~1.6 km thick, Ropianka Fm) represents the
beginning of the compression stage of the Skole Basin, after
its separation from the Severin-Moldavidic Basin with the
uplift of the Subsilesian Ridge (Wegléwka Ridge) during
the Turonian (Golonka et al., 2008). The Ropianka Fm is
dominated by deposits of interbedded mudstone, sandstone
and conglomerate, with a high contribution of marlstone,
mostly in the marginal part of the Skole Nappe (Kotlarczyk,
1978, 1988a). According to Barwicz-Piskorz and Rajchel
(2012), the Ropianka Fm is overlain by Paleocene—Eocene
red clayey and muddy shales interbedded with green shales
and lenses of sandstones (Variegated Shale Fm) up to ~190 m
thick and by the Eocene—Lower Oligocene succession, up to
~180 m thick and dominated by green sandstones interbed-
ded with green mudstones (Hieroglyphic Fm). This change
in sedimentation marks a deepening of the Skole Basin and
a reduction of the sediment supply. The Oligocene Menilite
Fm is mostly dominated by noncalcareous, brown, and
black mudstone with intercalations of chert, marlstone, di-
atomite, thick-bedded sandstone, and conglomerate. This
sedimentary succession is interpreted as a poorly oxygen-
ated, deep-marine system with elongated fans and the mass
redeposition of large olistostromes (e.g., Kotlarczyk et al.,
2006). The youngest deposits of the Skole Nappe are rep-
resented by ash-grey, typically calcareous mudstones and
muscovitic sandstones of the Krosno Fm (Krosno Beds,
Kotlarczyk et al., 2006). The boundary between the Menilite
Fm and the overlying Krosno Fm is frequently transitional,
which often results in the identification of their succession
as the Menilite-Krosno Series, reaching ~2.2 km in total
thickness (Kotlarczyk et al., 2006).

Stratigraphy of the Ropianka Fm

The Ropianka Fm (after Kotlarczyk, 1978), known as
Ropianka Beds (after Paul, 1876), Inoceramian Beds (after
Uhlig, 1888) or Rybotycze Fm (after Malata, 1996), consists
of calcareous to noncalcareous deposits of various sediment
gravity flows with subordinate hemipelagic to pelagic de-
posits, which may reach up to ~1.6 km thick. The Ropianka
Fm is subdivided into 4 members (Fig. 2): the Cisowa Mbr,
~650 m thick (Turonian—lower Campanian), the Wiar Mbr,
~700 m thick (lower Campanian—lower Maastrichtian), the
Leszczyny Mbr, ~330-390 m thick (lower Maastrichtian—
lower Paleocene) and the Wola Korzeniecka Mbr, ~50 m
thick (Paleocene), which show various styles of lateral de-
velopment and thicknesses (Kotlarczyk, 1978, 1988a, b).
Several distinctive layers and intervals of variegated clayey
mudstones are distinguished with the rank of the chrono-
horizons (Kotlarczyk, 1978). However, a more recent litho-
stratigraphic scheme includes up to 11 members (Malata,
1996).

The Ropianka Fm displays a complex internal architec-
ture, typical of a turbidite system (e.g., Kotlarczyk, 1978,
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Fig.1.  Location maps of the study area. A. Geological map of the eastern part of the Polish Outer Carpathians (based on Cieszkowski
et al., 2017 and Zytko et al., 1989, modified), with palacocurrent directions after Bromowicz (1974). B. Study area with an overlay of a
hillshade terrain model (https://baza.pgi.gov.pl/cbdg/geoportal). Geology and tectonics are based on Marciniec et al. (2006, 2014), with
modifications.
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1988a, b; Lapcik et al., 2016; Lapcik, 2017, 2018, 2019),
which represents a mixed sand-mud system. However, the
marginal part of the Ropianka Fm, corresponding to the
base-of-slope, or the slope itself, contains a high proportion
of marly deposits, which may fully dominate the sedimen-
tary succession, e.g., in the eastern part of the Skole Nappe
(Burzewski, 1966; Kotlarczyk, 1978, 1988a; Geroch et al.,
1979; Leszczynski et al., 1995; Leszczynski, 2003, 2004,
Kedzierski and Leszczynski, 2013). These calcareous de-
posits form wedges, up to ~170-180 m thick, which occur
at the bottom of the Cisowa and Wiar members (Fig. 2)
and are diluted by or replaced with siliciclastic-dominat-
ed deposits throughout the section (Bromowicz, 1974,
Kotlarczyk, 1978). More recently, marlstone-rich sedimen-
tary successions within the Wiar Mbr were reported from
a more internal part of the basin (Waskowska et al., 2019).
The Leszczyny Mbr also includes marlstone lenticular

Fig. 2. Stratigraphic scheme of the Skole Nappe, based on
Kotlarczyk (1988a), Rajchel (1990), Rajchel and Uchman (1998)
and Slaczka and Kaminski (1998), with modifications by Gedl
(1999), Kotlarczyk et al. (2006) and Gasinski and Uchman (2009).
The time scale is according to Gradstein ez al. (2020). Abbreviations:
TRSh Mbr — Trojca Red Shale Mbr; VSh — Variegated Shale; and
ChS Mbr — Chmielnik Stripy Sandstone Mbr.
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bodies that are randomly distributed in predominantly si-
liciclastic deposits (Burzewski, 1966; Kotlarczyk, 1978).
The youngest Wola Korzeniecka Mbr represents noncal-
careous sedimentation and is rarely reported in the Skole
Nappe (Kotlarczyk, 1978). Data on palaeotransport within
the Skole Basin indicate the predominance of directions
towards the SW, S, and SE (Fig. 1A; Ksigzkiewicz, 1962;
Bromowicz, 1974).

Study area

The study area is located in the northwestern marginal part
of the Skole Nappe and covers an area between the Dunajec
and Biata rivers (Fig. 1). The sedimentary succession of the
Ropianka Fm was investigated in numerous small to medi-
um outcrops, including an area near the villages and hamlets
of Dabréwka Szczepanowska, Szczepanowice, Janowice,
Lubinka, Ple$na, Rychwald, Zagoérze, Korzenna and
Lichwin, with additional field observations in the surround-
ing area. The outcrops are located primarily on the banks of
rivers and streams and in natural escarpments. In the study
area, palaeotransport directions to the S, SW, NW and N
(Koszarski, 1961) are more diverse than the general SE and
S trends in the eastern part of the basin (Ksigzkiewicz, 1962;
Bromowicz, 1974).

The Skole Nappe in the study area is strongly affected by
tectonic deformation and consists of internally deformed, im-
bricated thrust sheets, i.e., 1) the complex Marginal Anticline
to the north, which is thrust onto the internally deformed
Zgtobice Nappe and 2) the Janowice-Lichwin Syncline,
which passes into an anticline, thrust onto the Ropianka Fm
deposits in the southern part of the study area (Marciniec
et al., 2014). On the basis of micropalaentological data and
surface tectonic deformation, an additional small thrust
(Szczepanowice Thrust) was marked in the northernmost part
of the area (Fig. 1B). In general, the deposits of the Ropianka
Fm dip the S and SE, more rarely to the E (Fig. 1B).

METHODOLOGY

Most of this study is based on standard sedimentologi-
cal fieldwork with high-resolution bed-by-bed logging of
the stratigraphic succession and classification of sedimen-
tary facies as a record of specific depositional processes.
During the investigation of outcrops, special attention was
paid to lithology, bed thickness, textural properties, primary
depositional and erosional structures, lower and upper bed-
ding surfaces and deformational structures, with addition-
al documentation with digital photography. Measurements
of the size and orientation of sedimentary structures were
integrated with the logging, using a standard geological
compass (233 measurements). More than half of the palae-
ocurrent measurements were collected from ripple and dune
cross-lamination, which is more susceptible to flow deflec-
tion and/or reflection than sole marks.

A series of samples was collected for further sedi-
mentological and facies analysis, including analysis on
cut surfaces (57 samples). Thirty poorly lithified sand-
stone samples were collected from the Janowice section at
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10-20 cm intervals for analysis of the grain sizes of massive
thick-bedded sandstones with the laser diffraction meth-
od, using Mastersizer 3000. Samples for grain size analysis
were dried in an oven at 80—100°C for 810 h. The sam-
ples were then weighted, gently disintegrated mechanically
and quartered. The grain-size analysis was carried out using
a wet hydro dispersion unit and its results are summarised in
Supplementary Material 1, Table SI.

The logged deposits were described and classified as sed-
imentary facies, linked to distinctive depositional processes.
Most of the facies identified in this study show similarities
with the facies described in other deep-water deposition-
al systems (e.g., Pickering and Hiscott, 2015; Tinterri ef al.,
2020). Further vertical and spatial analysis of the sedimentary
logs allowed the recognition of assemblages of related sedi-
mentary facies (facies associations), which were interpreted
as representatives of well-established architectural elements
(depositional sub-environments) of the deep-water sedimen-
tary system (e.g., Mulder, 2011; Pickering and Hiscott, 2015).
For an unbiased interpretation, a statistical representation of
facies and facies associations was prepared.

Samples of marlstone and mudstone were collected for
micropalaeontological analysis of biostratigraphic age, us-
ing foraminifers and calcareous nannoplankton to facilitate
stratigraphic interpretation and correlation between the stud-
ied logs. The ‘Short spin’ technique (vide Edwards, 1963;
Perch-Nielsen, 1985) was used for calcareous nannoplankton
samples, which were analysed under a Nikon Eclipse E600
Pol cross-polarised light microscope at 1000x magnification.
Calcareous nannoplankton assemblages were distinguished
using Calcareous Nannofossil Biostratigraphy (Bown and
Young, 1998) and the website Nannotax3 (http://www.
mikrotax.org/Nannotax3/). The biostratigraphic age was
determined using Boreal (BP) and Tethys (TP) biozonation
(Burnett, 1998), owing to the cooccurrence of taxa from both
provinces. Samples for the micropalacontological analysis of
foraminifers were disintegrated following standard micropal-
aeontological procedures with Glauber salt or liquid nitrogen.
The samples were then washed in 1000, 500 and 63 pum sieves
and after drying, at least 300 isolated foraminifera specimens
were collected from the >125 um fraction. Then the foramin-
ifer assemblages were quantitatively analysed. For species
designations, the Prolab MSZ 2005 stereomicroscope was
used. The results of the micropalaeontological analysis are
summarised in Supplementary Material 2, Table S2.

On the basis of the local tectonic setting, the study area
was subdivided into the northern and southern areas, accord-
ing to the line of thrust (cf. Marciniec et al., 2006, 2014).
Stratigraphic correlation between the sections studied is the
result of analysis and comparison, based on several inde-
pendent sets of data. First, visited and logged sections were
categorised on the basis of their characteristic facies compo-
sition and similar order of facies associations distinguished.
The most characteristic facies associations include marl-
stone-dominated sections and sections with a large amount
of thick-bedded sandstone. Secondly, the spatial continuity of
the characteristic sand-rich intervals allowed the recognition
of four sandy bodies (SB1-4), which were correlated using
the strike and dip of beds, the digital elevation model (air-
borne laser scanning image of land surface LiDAR available
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on the website of the Polish Geological Institute National
Research Institute (https://baza.pgi.gov.pl/cbdg/geoportal),
and previous covered and uncovered geological maps with
explanations (Marciniec et al., 2006, 2014). In some sec-
tions, auxiliary dating of the collected micropalaeontological
samples was conducted. The final result was compared with
well log data (stratigraphy and lithology) from the boreholes
Wojnicz 2, Basowy 1, Plesna 1 and Lowczow | marked in the
Figure 1B and the wells Plesna 2, Tarnow 14, Lowczoéw 2,
Grabek 1, Grabek 2, and Olszyny 1 in the close vicinity of the
study area. All well log data considered are available on the
website of the Polish Geological Institute National Research
Institute https://otworywiertnicze.pgi.gov.pl. Unfortunately,
a complex geological setting, including tectonic deformations
and limited exposure of the deposits of the Ropianka Fm, lim-
ited the detail and completeness of the facies map prepared.

SEDIMENTARY FACIES

The sedimentary succession studied includes various lith-
ologies, from mudstone and marlstone to siltstone, sandstone,
and conglomerates, which are descriptively characterised and
classified as 11 sedimentary facies. The sedimentary facies are
distinguished on the basis of bed thickness, textural proper-
ties, primary depositional and erosional structures, lower and
upper bedding surfaces and deformational structures, and in-
terpreted in terms of their depositional processes.

The sandstones are whitish, yellowish, and rusty-orange
to grey in colour, calcareous to noncalcareous quartz aren-
ite to sublitharenite, strongly to poorly cemented, which is
a characteristic feature of the Ropianka Fm (Bromowicz,
1974). Some of the sandstone beds change colour from brown,
dark grey to almost black, owing to scattered carbonised plant
detritus, coal and tiny clasts of dark mudstone, grey to dark
grey, owing to increased dispersed mud, or rarely greenish,
owing to scattered glauconite. Minor petrographic compo-
nents are represented by mud and marl chips, carbonised
plant detritus, muscovite and biotite flakes, glauconite, feld-
spar, pyrite, agglutinated foraminifer tests, peloids and other
fragmented bioclasts. Exotic components are represented by
coal, siliceous rocks, greenschist, igneous rocks (granitoid,
pegmatite) and volcanic rocks (rhyolite, andesite), sand-
stones, and Stramberk-type limestones. In general, the litho-
logical composition of the exotics is similar to that reported
in the Upper Cretaceous of the Silesian Nappe (Strzebonski
et al., 2017) and the Skole Nappe (Lapcik et al., 2016; Lapcik,
2019). However, detailed petrographic analysis of the exotic
material was not the aim of the study.

Facies F1: Massive graded and
ungraded conglomerate and sandstone

Description: Facies F1 consists of coarse- and medium- to
fine-grained sandstone, rarely with a granule-to-cobble con-
glomeratic base (Fig. 3A) and thickness between 2.5 and
262 cm (mean ~43.7 cm). The conglomeratic base is pre-
dominantly thinner than the sandy part above. However,
some pure conglomerate beds also occur. Facies F1 shows
sharp, erosional to flat bases with sole marks and rare load
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Fig.3.  Outcrop examples of facies F1I-F5. A. Massive sandstone of facies F1 with dewatering structures near its base, Dunajec section.
B. Structured sandstone of facies F2 with planar-parallel lamination, ripple cross-lamination, and convolute lamination, Dunajec section.
Note repetitive divisions with planar-parallel and ripple cross-lamination. C. Banded sandstone of facies F3 with dark bands, up to 4 cm
thick, enriched in coalified plant detritus and mud chips, Dunajec section. D. Banded division of facies F3 with multiple alternations of
dark and light bands. The thickness of dark bands decreases towards the top of the bed, Janowice section. E. Clast-rich sandstone division
of facies F4, which is considered as an H3 division (sensu Haughton ef al., 2009) capped with ripple cross-laminated sandstone, enriched
in coalified plant detritus (facies F3), considered as H4 division (sensu Haughton ef al. (2009), Janowice section. Note the upward in-
crease in the muddiness of H3 division matrix and the increase in the contribution of small mudclasts (only larger clasts are marked with
the white, dashed line in the lower part of the H3 division). Massive sandstone (facies F1) below the H4 is not captured in the picture.
F. Alternation of facies; from the bottom upwards: heterolithic deposits (F10) and marlstone (F8) capped by a thin layer of coarse-grained

lag deposits of facies FS with abrupt grains-size break to facies F2, indicating sediment bypass. Further interbedding of facies F2 and F8
occurs up the section, Dunajec section.
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features. Sole marks are represented by trace fossils, scour
marks (flutes), and tool marks (groove marks and rare occur-
rences of skim and prod marks). The recognised trace fossils
include Ophiomorpha isp., Ophiomorpha annulata, Scolicia
isp., Scolicia strozzii, and Thalassinoides isp. Massive sand-
stones very rarely contain epichnia and endichnia bioturba-
tion structures, usually Ophiomorpha annulata. Facies F1 is
dominated by graded and massive divisions, but can show
dewatering structures, i.e., dish, plate, and pillar structures.
The coarse fraction occurs as normal-distribution grading,
coarse-tail grading, and as scattered larger grains within
the finer-grained matrix. Grain-size analysis shows that at
least some beds of the macroscopically massive sandstone
are graded and inversely graded (Supplementary Material,
Table S1). Grain-size breaks and small- to medium-sized ero-
sional features indicate surfaces of amalgamation. Moreover,
remarkably pronounced grain-size breaks may occur be-
tween facies, as they transition from facies F1 to F2 and F3
(described below). Intraformational clasts of grey, black,
and green mudstone and bluish-white marlstone, as well as
coal clasts, are relatively common. These clasts are orien-
tated parallel to the bedding and are concentrated mostly in
discrete horizons at the base and/or top of the structureless
sandstone. Their size varies and reaches up to 24 x 2.5 cm
(mudstone and marlstone clasts), but rarely exceeds a few
centimetres. Some of the intraformational clasts show sim-
ilarities to facies F7 and F8 (described further). Granule- to
pebble-sized clasts of various exotics occur mostly in the
coarsest fraction.

Interpretation: The massive graded division of facies F1
was formed as a result of rapid suspension fallout from high-
ly concentrated gravity flows (Kneller and Branney, 1995)
and corresponds to the turbidite division T_of Bouma (1962)
and division S, of Lowe (1982). Such deposits are formed
by the nontractional damping of near-bed turbulence with a
high aggradation rate (Arnott and Hand, 1989; Leclair and
Arnott, 2005; Talling et al., 2012). Some of the massive fine-
grained macroscopically ungraded sandstone beds show
fractional grading in grain-size analysis and therefore indi-
cate settling from a well-sorted sandy turbulent gravity flow
(Pickering and Hiscott, 2015). Grain-size breaks, occurring
within facies F1 and in its transition to the superposed facies
F2 or F3, are direct evidence of flow bypass and relative
proximity of the depositional setting (Stevenson et al., 2014;
Tinterri et al., 2017). Dewatering structures correspond to
syn- and postdepositional liquefaction, due to a high aggra-
dation rate (Stow and Johansson, 2000).

Macroscopically graded and ungraded massive divisions
can also be formed by the repeated collapse of laminar shear
layers (Sumner et al., 2008, 2009; Talling ef al., 2012) and
a liquified layer with excess pore pressures (Ilstad et al.,
2004). Last, but not least, it cannot be excluded that some
of the massive ungraded sandy deposits, especially with
groove marks at their base, also may have been formed by
en masse deposition from sandy gravity flows, dominated
by laminar flow behaviour (cf. Shanmugam and Moiola,
1995; Talling et al., 2012; Strzebonski, 2015, 2022; Peakall
etal., 2020).

Facies F2: Structured sandstone and conglomerate

Description: Facies F2 consists of very-fineto coarse-grained
sandstone, rarely gravelly sandstone, or granule to pebble
conglomerate (Fig. 3B). The thickness of the structured
sandstone ranges from <l cm to 217 cm (mean ~10.5 cm).
Beds of facies F2 are predominantly tabular, but beds thin-
ner than 10 cm may be lenticular, with lateral pinch-outs.
The sharp base of a structured sandstone is flat to erosive,
uneven or deformed by load structures. In some cases, a gra-
dational base occurs, where the sandstone is underlain by
facies F1. The soles of beds are dominated by trace fossils,
but flute, groove, skim and prod marks also occur. Usually,
one type of sole mark predominates, but trace fossils, scour
marks and tool marks may co-occur. A structured sandstone
is predominantly graded, sometimes with scattered grains
of coarse-grained sand or granules or amalgamation sur-
faces, recorded as grain-size breaks. Internal sedimentary
structures include plane-parallel lamination, low-angle lam-
ination, ripple cross-lamination, climbing-ripple cross-lam-
ination, and very rarely large-scale cross-lamination (>4 cm
high). Some of the laminae are given greater prominence by
a higher contribution of dispersed carbonised plant detritus,
coal and tiny mud chips. The internal sedimentary structures
may have been deformed plastically by the dewatering pro-
cess and show wavy and convolute lamination. Beds, most-
ly up to a few centimetres thick, entirely consisting of ripple
cross-laminae and/or low-angle laminae, are not uncommon.
Besides common ripple cross-lamination, such beds may in-
clude climbing ripple marks and ripple marks deformed by
loading. In addition, these beds often show bedform mor-
phology reflecting the primary shape of ripple marks, with
both stoss and lee sides preserved. Mudstone and marlstone
clasts (up to 24 x 5 cm in size) tend to be concentrated at the
bases or tops of the beds and usually are oriented parallel to
the bedding. Some of the thin-bedded sandstones contain
scattered chips of mudstone, no larger than a few millime-
tres, and the same beds frequently show a higher proportion
of dispersed mud. A higher content of these mud chips oc-
curs in the banded sandstones of facies F3. Coarse-grained
and conglomeratic structured sandstone may include exot-
ic components, which are the same as those in facies F1.
The top of facies F2 usually gradually passes into or shows
a sharp boundary with the banded sandstone (facies F3), het-
erolithic deposits (facies F10), mudstone (facies F7) or marl-
stone (facies F8) occurring above. Trace fossils occur primar-
ily as hypichnia, but endichnia and epichnia also are present.
Some of the facies F2 beds are poorly laminated, owing to ho-
mogenization by bioturbation. Identified trace fossils include
Ophiomorpha isp., Ophiomorpha annulata, Cosmorhaphe
isp., Scolicia isp., Scolicia strozzii, Thalassinoides isp. and
Capodistria isp.

Interpretation: The structured sandstone corresponds to the
divisions T, of Bouma (1962) and the T, division of Lowe
(1982), formed under conditions of deposition from traction
with a relatively low fallout rate and represents the phase of
lower-density fully turbulent flow, predominantly in a wan-
ing surge-type turbidity current (Talling ez al., 2012). In such
conditions, tractional sedimentary structures are generated,
i.e., plane-parallel lamination and ripple cross-lamination
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(Allen, 1982; Best and Bridge, 1992). Plane-parallel lamina-
tion may also be the result of deposition from a traction car-
pet (spaced stratification; cf. Hiscott and Middleton, 1980;
Lowe, 1982; Sumner et al., 2008; Cartigny et al., 2013).
During this phase of the flow, brief episodes of bypass and
substrate reworking are possible (e.g., Sumner et al., 2008;
Talling et al., 2012; Stevenson et al., 2014; Tinterri et al.,
2017). Wavy and convolute lamination are interpreted as
syn- and postdepositional soft-sediment deformation, due to
partial sediment liquefaction (Dzutynski, 1996, 2001; Owen
etal.,2011).

Facies F3: Banded sandstone

Description: Facies F3 consists of distinctive fine to very
fine-grained brown and black bands and laminae, which
are enriched in coalified plant detritus and coal clasts up
to pebble-size, mica flakes, and small chips of grey mud-
stone (Fig. 3C, D). Dark bands are massive or planar-par-
allel laminated and interbedded with yellowish to whitish,
plane-parallel laminated and/or ripple cross-laminated to
structureless bands of ‘clean sand’. A particular sandstone
bed may include up to a dozen couplets of dark-light bands.
Dark and light bands may have similar thicknesses, or ei-
ther type may predominate. Band thickness ranges from
micro- to mesobanding, with very few exceptions of mac-
robanding (Lowe and Guy, 2000). Sandstone of facies F3
very rarely occurs as a separate bed and is mainly a part of
a thicker bed, where it generally co-occurs with facies FI1
and/or F2. Facies F3 may occur at different heights in the
sandstone bed; however, it is mainly concentrated at the top
of such beds. The thickness of facies F3 ranges from 1.5 to
67.5 cm (mean ~14.6 cm). Some of the bands are plastically
deformed and show convolution, wave-shaped deformation,
or are replaced with irregular bodies and lenses, enriched in
coalified plant detritus and coal clasts. In both cases, this
plastically deformed division occurs mostly in one bed, just
above a sandstone of facies F1, containing dewatering struc-
tures. The sandstones of facies F3 tend to show a gradual
decrease in grain size up to a silty and muddy, laminated
top or a sharp top with sandy mudstone or clayey mudstone
above. Larger clasts of coalified plant debris may include
rare Teredolites isp.

Interpretation:A facies of this type implies internal flow
pulses with a depositional mode occurring between two
end members, i.e., turbidity current and debris flow (cf.
Lowe and Guy, 2000; Lowe et al., 2003; Baas et al.,
2009; Haughton et al., 2009; Stevenson et al., 2020;
Lapcik, 2023). Turbulent flow is represented by traction-
al deposition and the appearance of ripple and planar-par-
allel lamination. Transitional to laminar flow conditions
are reflected in dark bands. Stevenson et al. (2020) link
the banding formation conditions with those required for
the generation of planar-laminated (Bouma division T))
sandstone, but beneath mud-laden transitional plug flows
that control the final product, mostly by a different con-
tent of cohesive mud in the flow. Occurrences of soft-sed-
iment deformation imply a relatively high aggradation
rate or are caused by the reduced permeability of the
mud-rich bands.
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Facies F4: Structureless muddy sandstone
and clast-rich sandstone

Description: Facies F4 consists of very fine- to medi-
um-grained sandstone, more rarely with scattered coarse
grains, and thicknesses ranging from 2 to 175 cm (mean
~45.6 cm). The base and top surfaces of facies F4 are most-
ly sharp and flat. The sandy matrix of this macroscopical-
ly structureless and ungraded sandstone commonly shows
a grey hue, indicating a higher proportion of dispersed mud.
Muddy sandstone may bear a relatively high proportion of
intraformational clasts of mudstone (facies F7) and marl-
stone (facies F8), which are chaotically dispersed in the ma-
trix-supported background sediment (Fig. 3E). Additionally,
randomly scattered brown to black irregular bodies, en-
riched in coalified plant detritus and coal, may occur. Facies
F4 occurs as independent beds or complex beds, where it
is underlain by the massive sandstone of facies F1 or the
structured sandstone of facies F2. In the second case, facies
F4 occasionally is capped by structured sandstone of facies
F2 or banded sandstone of facies F3.

Interpretation: This facies is interpreted as the deposit of
a poorly cohesive to cohesive sandy debris flow, depos-
ited by en masse cohesive freezing (Talling et al., 2012).
It is plausible that the parental turbulence-dominated grav-
ity flow was transformed by incorporation of cohesive
mud from an eroded substratum and partly disintegrated
mud clasts, which resulted in cohesive bulking (cf. Fisher,
1983; Haughton et al., 2003, 2009; Fonnesu et al., 2016).
The processes of flow deceleraion, favoured by the tectoni-
cally controlled morphologic controls, also may have played
an important role in the flow transformation (Tinterri ef al.,
2016, 2020). In some cases, facies F4 occurs directly above
facies F1 and therefore it is considered to have been part of
a hybrid event bed (HEB) and corresponds to division H3 of
Haughton ez al. (2009), whereas the sandstones of facies F2
and F3 at the top correspond to division H4. Such deposits
are interpreted as having been generated from strongly strat-
ified transitional flows (Baas et al., 2011; Kane and Pontén,
2012; Talling, 2013; Kane et al., 2017; Fonnesu et al., 2018)
or from the cogenetic turbidity currents (lower division) and
cohesive debris flows (upper division) of Haughton et al.
(2003, 2009); and Hodgson, (2009).

Facies F5: Lag deposits

Description: Facies F5 is characterised by medium- to
very coarse-grained sandstone and granule conglomerate,
organised into very thin to medium beds and layers, with
thicknesses ranging from ~0.3 cm to 12 cm (mean ~2.5 cm).
Grains of various exotic material, millimetre-scale mud
chips and biogenic material, mixed with quartz grains are
common. Facies F5 always exhibits a contrast in grain size
with respect to the surrounding muddy or marly fine-grained
deposits (Fig. 3F), showing the “type I grain-size breaks” of
Stevenson et al. (2014). However, the coarse-grained part
may be capped with marlstone or mudstone, instead of fine-
grained sand. These beds invariably show a sharp and flat to
undulated erosive base, rarely with load structures or flute
marks, and a sharp top, which may be flat to uneven. Lateral



EVOLUTION OF A TURBIDITE SYSTEM IN A NARROW BASIN

continuity of the beds and layers is variable and may change
from a layer, a few metres long, to lenses a few centime-
tres long, with lateral pinch-outs. The same bed may change
laterally from a convex-down shape (undulating erosive
bottom) to a small convex-up shape (bedform morphology).
Beds of facies F5 are massive to planar-parallel, low-angle,
and cross-laminated. Some of the beds of facies F5 repre-
sent clast-rich conglomerates. Clasts are predominantly rep-
resented by mudstone (facies F7) and marlstone (facies F8)
that reach up to several centimetres along their longest
axis. The coarse material from the beds of facies F5 can be
concentrated in burrows, formed in the surrounding fine-
grained deposits of facies F7 and F8. The small thickness
of the bed and the surrounding fine-grained deposits is the
main difference between this facies, F5, and beds composed
of facies F1 and F2.

Interpretation: Facies F5 is interpreted as the isolated lag
deposits of partially bypassing highly concentrated flows,
mostly of a turbulent nature (cf. Mutti, 1992; Stevenson
et al., 2014, 2015; Cunha et al., 2017; Tinterri et al., 2017,
Brooks et al., 2018). Some of these flows were erosive and
left scoured surfaces, which were filled with the coarse-
grained deposits of facies F5. The unstable nature of the
flow and its heterogeneous internal structure on a scale of
centimetres to tens of centimetres is recorded by the dis-
continuous distribution of the coarse-grained material and
erosional structures. Such lag deposits were formed in
a proximal area, where bypassing flow capacity was enough
to suspend most of the sediment load, but a slight reduc-
tion in flow competence resulted in the fallout of its coarsest
fraction (cf. Mutti and Normark, 1987). Therefore, facies F5
is considered to be a more proximal equivalent of facies F1
and F2. In some cases, these lag deposits may have been
reworked by the same or a subsequent strongly turbulent
flow that generated small bedforms. Rarely, solitary trace
fossils filled with coarse grains are the only evidence for the
presence of a previous thin lag lamina that was reworked by
the activity of benthic infauna.

Facies F6: Dune-scale cross-laminated sandstone

Description: This subordinate facies F6 consists of fine- to
coarse-grained sandstone and pebbly sandstone, organised
into highly uneven, lenticular beds (Fig. 4A, B). These beds,
with thicknesses ranging from 4.1 to 48 cm (mean 12.7 cm),
may laterally pinch out on the scale of an outcrop. The bases
and tops of facies F6 are sharp. Beds of facies F6 show dune-
scale cross-lamination and may contain abundant clasts of
mudstone and marlstone, as well as exotic grains and peb-
bles. This facies occurs in sections, dominated by marlstone
of facies F8 and like facies F5 shows a high contrast with
the fine-grained surrounding deposits in the same section.

Interpretation: Facies F6 is interpreted as dune bedforms,
generated under sustained and fully turbulent flow with
a low rate of suspended fallout (Allen, 1982; Southard,
1991). Like facies F5, these bedforms represent lag depos-
its in close proximity to the erosion area, reworked under
the strong sustained and mostly bypassing sediment gravity
flow in the proximal area, or they may be the remnants of
a former sand bed, reworked by a bypassing fully turbulent
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flow (cf. Mutti and Normark, 1987; Mutti, 1992; Amy et al.,
2000, 2007; Gardner et al., 2003; Stevenson et al., 2015;
Cunha et al., 2017; Tinterri et al., 2017). Clast-rich beds are
evidence for the up-dip erosion of the muddy substratum.
The significant contrast in grain size with the surrounding
mostly fine-grained marly substratum is a result of the high
efficiency of sediment gravity flows, which deposited only
their coarsest fraction.

Facies F7: Mudstone

Description: Facies F7 consists of grey to dark grey, green-
ish, brownish, reddish, and variegated mudstone (Fig. 4C).
The mudstone beds are calcareous to noncalcareous, with
thicknesses between 0.1 and ~50 cm (mean 2.4 cm), al-
though an exceptionally long interval reaching ~10 m thick
was observed. Facies F7 represents silty and sandy mud-
stone and clayey mudstone. These layers have gradation-
al, rarely sharp bases and mostly sharp tops. Facies F7 is
massive, poorly laminated or mottled with rare to abundant
bioturbation structures, mostly Chondrites isp., Planolites
isp. and Ophiomorpha isp. Very rarely, internal surfaces
with mud ripples were observed. In the case of thin inter-
calations of sandy and silty laminae with mud, such depos-
its were classified as the heterolithic deposits of facies F10.
The biogenic components of the mudstone are represented
by calcareous nannoplankton, the tests of foraminifers, dia-
toms and radiolarians, echinoderm spicules, fish teeth, and
coalified plant detritus. Very rarely, Inoceramus shells are
observed, mostly in a life position, with both valves pre-
served. Non-biogenic components are dominated by clay
minerals and quartz, with an admixture of lithic grains, car-
bonates, muscovite, glauconite, and pyrite.

Interpretation: A clear distinction of the depositional pro-
cess of facies F7, based mostly on macroscopic features, re-
mains difficult. The sandy and silty mudstone of facies F7
is interpreted as deposits formed under conditions, where
the sand and silt grains were not segregated from the clay
particles during deposition. This may indicate a dilute fine-
grained sediment gravity flow, where the cohesive force
prevents grain segregation and represents the deposits of
upper transitional plug flows and quasi-laminar plug flows,
which may have evolved from fully turbulent flow (Baas
et al., 2011). On the other hand, clay can be transported,
together with silt and sand, as non-cohesive or poorly co-
hesive flocculated mud or rip-up aggregates in the stable
velocity / shear stress range (Schieber et al., 2010, 2019 and
references therein). Graded mudstone is a product, formed
by a mud-rich fragment of a low-density turbidity current
(cf. Talling et al., 2012). Clayey mudstone is interpreted as
sediment, deposited from the final settling phase by dilute
sediment gravity flows, hemipelagic ‘background’ sedimen-
tation, or the lateral transport of hemipelagic deposits by
ocean currents and/or aeolian action (Talling et al., 2012;
Pickering and Hiscott, 2015). Last, but not least, massive
mudstone beds may correspond to sediment gravity flows
of fluidal mud (Baas et al., 2009). The mudstone of facies
F7 is variably calcareous and therefore indicates sedimenta-
tion in changing conditions, above or close to the local lyso-
cline depth. The variable degree of bioturbation and colour
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Fig. 4.  Outcrop examples of facies F6—F11. A. Large-scale cross-laminated dune (3D bedform) of facies F6 (marked with a red, dashed
line), interbedded with marlstone beds of facies F8, Dunajec section. B. Dune-scale cross-bedding of facies F6 interbedded with marl-
stone beds of facies F8, Szczepanowice section. C. Interbedding of mudstone of facies F7, marlstone of facies F8 and thin-bedded
sandstone with convolute lamination of facies F2, Dunajec section. D. Marlstone bed of facies F8 with siltstone of facies F9 at the base,
Szczepanowice section. E. Matrix-supported clast-rich conglomerate of facies F11, dominated by intrabasinal material, Zagorze section.
F. Interbedding of thin-bedded bioturbated marlstone of facies F8 and thin layers of dark mudstone of facies F7, Szczepanowice section.
G. Mud-dominated heterolithic deposits of facies F10 with thin laminae of siltstone and very fine-grained sandstone and varied bedforms,
showing cross-bedding and low-angle lamination, Lubinka section.
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indicates an environment with changing oxygenation and
nutrient supply on the seafloor.

Facies F8: Marlstone

Description: This type of facies is represented by bluish white
and light-grey marlstone (Fig. 4C, F) with bed thicknesses
ranging from 0.2 to 37.5 cm (mean thickness ~4.44 cm).
Locally, marlstone is grey to dark grey, greenish, beige, and
reddish in colour. Marlstone occurs as strongly silicified
beds to soft shaley layers. The bases of the beds are mostly
sharp, where they are underlain by siltstone and sandstone,
or sharp to gradual, where underlain with mudstone. The
tops of the beds are sharp to erosional, if overlain by sand-
stone and siltstone, and sharp to gradual, where they are
covered with mudstone. In the outcrop, the marlstone is pre-
dominantly massive, with abundant bioturbation structures.
However, on cut surfaces and in thin sections, it may show
grading and poorly preserved parallel-laminated marlstone
and light-coloured silty/sandy laminae, which are very sim-
ilar to the colour of the marlstone. Marlstone with numerous
intercalations of sandy/silty laminae is classified as a heter-
olithic deposit of facies F10. The burrows are filled predom-
inantly with dark muddy material, although some of them
are filled with silty, sandy and even gravelly grains from the
beds overlying or underlying the marlstone, respectively.
The coarsest grains may be concentrated in the trace fos-
sils. Recognised trace fossils are commonly represented by
Chondrites isp. Chondrites affinis, Chondrites intricatus,
Planolites isp., Ophiomorpha isp., and Scolicia isp. More
rarely, Thalassinoides isp., Zoophycos isp., Helminthoida
isp., Alcyonidiopsis isp., and ?Squamichnus acinaceformis
occur. The number of burrows usually increases upward
in particular beds, especially in the thicker beds (>5 cm).
The biogenic components of the marlstone are represent-
ed by calcareous nannoplankton, tests of foraminifer and
more rarely ostracods, fish teeth, coalified plant detritus,
and fragments of Inoceramus shells; as well, echinoderm
and sponge spicules may occur. Non-biogenic components
are dominated by micrite and quartz grains, with a minor
proportion of pyrite, lithic grains, glauconite grains, and
muscovite flakes. In the poorly exposed or less accessible
parts of the outcrops, a grey type of facies F8 is difficult
to distinguish from the calcareous mudstone of facies F7,
which may show a similar colour.

Interpretation: The marlstone beds are interpreted as the
deposits of highly dilute, muddy calciturbiditic currents
(cf. Stow and Bowen, 1978, 1980; Leszczynski et al., 1995;
Leszczynski, 2003, 2004). They plausibly represent depos-
its, formed in the same way as the classic Bouma divisions T,
under tractional and suspension fallout conditions. Very
poor lamination and the massive structure of beds are most
likely the result of homogenisation by bioturbation and the
very narrow distribution of grain size. Some of the mas-
sive beds with a paucity of silt and sand grains may orig-
inate from gravity flows of fluidal mud (Baas ef al., 2009).
The beds of facies F8 may have been deposited slowly from
suspension as hemipelagites. However, the co-occurrence
of marlstone with the noncalcareous mudstone of facies
F7 in one section implies an interpretation of them as the

products of sediment gravity flow. The high contribution of
bioturbation structures and the significantly higher diversity
of ichnospecies indicate good seafloor conditions for ben-
thic life, with a higher oxygen content and a greater supply
of nutrients than in the case of the mudstone facies F7.

Facies F9: Siltstone and very fine-grained sandstone

Description: Facies F9 is represented by thin beds and
laminae of whitish, yellowish, and grey siltstone (Fig. 4D),
the thickness of which ranges from 0.1 to 7 cm (with mean
~0.7 cm). Siltstone beds and laminae can contain admix-
tures of very fine-grained sand to fine-grained sand, which
are usually dominated by foraminifera tests and other bi-
oclastic components. Sand-sized grains may also be rep-
resented by quartz, carbonised plant detritus, glauconite,
mica flakes and small mud chips. The lower surfaces are
predominantly sharp and flat, with sole marks dominated
by trace fossils. The top of facies F9 is sharp and flat, rarely
gradational. The siltstone is graded (on a microscale) to un-
graded and structureless, but it can also show planar-paral-
lel lamination, low-angle lamination, and cross-lamination.
Sedimentary structures may be deformed by water escape
into the wavy or more chaotic laminae or by bioturbation.
The siltstone facies F9 occurs abundantly as the lower part
of the marlstone beds of facies F8 and more rarely as the
bottom deposits of the mudstone of facies F7.
Interpretation: This type of facies is interpreted as hav-
ing been generated by fine-grained dilute and fully tur-
bulent sediment gravity flows or lower transitional plug
flows (Leszczynski et al., 1995; Leszczynski, 2003, 2004;
Baas et al., 2011). During such deposition, silt-sized
grains freely settled out of suspension, and traction struc-
tures were formed (Piper et al., 1984; Talling et al., 2012).
The abundance of biogenic grains points to pelagic deposi-
tion. However, the admixture of scattered terrigenous ma-
terial (quartz grains, glauconite, plant detritus, and exotic
grains) indicates an origin as material, redeposited from
a shallower area (Scheiber ef al., 2019). The deposits of fa-
cies F9 mainly represent the lower division of low-density
calcareous turbidites with the marlstone of facies F8 at the
top. Some of the structureless siltstone beds may have orig-
inated as deposits homogenised by bioturbation.

Facies F10: Heterolithic deposits

Description: Facies F10 occurs as a siltstone and very fine-
grained sandstone, intercalated with calcareous to noncal-
careous mudstone or marlstone in three hierarchical tiers:
1) single layers and laminae of siltstone/sandstone and
mudstone/marlstone; 2) heterolithic divisions with specific
structural and textural properties; and 3) heterolithic inter-
vals, composed of one or more of the heterolithic divisions
as products of individual sediment gravity-flow events. This
concept of deep-water heterolithic deposits is described in
detail in Lapcik (2023). The heterolithic intervals are up to
15.8 cm thick. Individual laminae are mainly up to a few
millimetres thick, sometimes with a pinch-and-swell ge-
ometry. Commonly, the proportion of siltstone to mudstone
decreases upwards in terms of the thickness of laminae
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(Fig. 4G). The boundaries between the siltstone and mud-
stone laminae are sharp, with local load structures, erosional
surfaces, flame structures and bioturbation structures (en-
dichnia and hypichnia). Trace fossils are similar to those,
identified in the mudstones of facies F7 and the marlstones
of facies F8. Sandstone and siltstone beds are graded to un-
graded and show internal plane-parallel lamination, wavy
lamination, low-amplitude bed-waves, ripple cross-lamina-
tion, and climbing-ripple cross-lamination, commonly with
mud/marl drapes or mud/marl streaks. Some of the beds
are laterally discontinuous and contain starved and/or load-
ed ripples. Heterolithic divisions represent all types from
Al to A9, described by Lapcik (2023), but their detailed
characteristics are not the aim of this article.
Interpretation: Possible interpretations of the heterolith-
ic deposits are numerous. However, similarities of the de-
posits studied to the heterolithic deposits, described in the
Verovice and Lhoty Fms of the Silesian Basin, indicate their
origin as turbulent and transitional flows with a tendency
to form pulsating unsteady waxing and waning flows in the
deposits of a relatively proximal area (cf. Lapcik, 2023 and
references therein).

Facies F11: Pebbly mudstone and massive
muddy conglomerate

Description: This facies includes beds of pebbly mudstone
and massive muddy conglomerate, with thicknesses rang-
ing from 2.5 to 260 cm (mean ~111.4 cm). Facies F11 shows
sharp bases with rare loading and sharp tops with flat to un-
even surfaces as well as rare load and erosional features.
Beds are nongraded, matrix-supported with randomly dis-
persed granule- to cobble-size (rarely boulder-size) material
of exotic origin and intraformational debris of mudstone,
marlstone, heterolithics, siltstone, and sandstone, represent-
ing ripped-up fragments of the previously described facies
(Fig. 4E). The conglomeratic fraction may show both plas-
tic and brittle deformation. Even in one bed, the calcare-
ous to noncalcareous matrix may locally pass from sand- to
mud-dominated. Beds of facies F1l may be dominated by
exotic material, dominated by intraformational clasts, or be
composed of a mix of both types of material. In general, in-
traformational clasts are mostly subrounded, whereas exotic
clasts are rounded. This type of deposit is concentrated in
the southern area, especially in the uppermost parts of the
Zagorze and Lichwin sections.

Interpretation: This type of facies is interpreted as the de-
posits of cohesion-dominated debris flows, characterised by
en mass deposition, due to cohesive freezing (Talling ef al.,
2012; Pickering and Hiscott, 2015; Strzebonski et al., 2017;
Strzebonski, 2022). The beds of facies FI1 with boulders
of intraformational clasts correspond to the early stages of
a flow transformation from initial slumps to debris flows.
The type of deformation (plastic vs brittle) indicates the de-
gree of lithification of the components transported and the
scale of internal shear during the mass transport event. The
facies transition from facies F1 to F11, which like the transi-
tion from facies F1 to facies F4 indicates ‘linked debrite’ and
therefore is interpreted as division H3 of HEB (Haughton
et al., 2003, 2009). In this case, there is an important
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difference in sand-to-mud ratio between facies F4 and Fl11
and the common presence of exotic clasts. This difference
may have promoted the transformation of the parental de-
bris flow into a bipartite hybrid flow, leading to dilution
of the debris flow head and separation of the outrunning
high-density turbidity current (e.g., Haughton et al., 2009).

FACIES ASSOCIATIONS

The sedimentary facies characterised above have been
grouped into seven facies associations (FA), which occur
as packages, up to tens of metres thick. These facies groups
have been distinguished on the basis of differences in facies
composition, the mean, median and variance of bed thick-
nesses, upward grain-size trend, sandstone net-to-gross
percentage and vertical facies transition (see data summary
in Table 1), as well as comparison with the deposits of the
Ropianka Fm in the western part of the Skole Basin (Lapcik,
2017, 2018, 2019). Facies, for which the contribution to
a particular facies association (FA) is <1%, are considered
as subordinate and are not mentioned in the text, but still
are listed in detail in Table 1. The individual FAs are in-
terpreted as different morphodynamic sub-environments of
the submarine depositional system. They are representatives
of the well-established architectural element concept in the
submarine depositional system, the main signatures and
characteristics of which are described in areas that are bet-
ter exposed and less tectonically deformed (e.g., Spychala
etal.,2017; Brooks et al., 2018; Fonnesu et al., 2018; Hansen
et al., 2019). The first two facies associations (FAl and FA2)
are strongly dominated by carbonate deposits, whereas the
remaining five facies associations (FA3-FA7) are arranged
in order, characterised by a gradual decreases in grain size,
sand-mud ratio, and bed thickness, reflecting a shift toward
a less energetic depositional environment of the turbidite
system.

Facies association 1 (FA1): Marlstone-dominated
lower-slope and base-of-slope deposits

Description: This facies association (FAI) is strongly dom-
inated by fine-grained deposits (sandstone net-to-gross
of 0% to 21%) with a significantly higher proportion of
marlstone (62.9% of facies F8) over mudstone (21.3% of
facies F7; Fig. 5). Sandstone facies contribute 8.6%, with
the predominance of facies F2 (7.9%) and sandstone bed
thicknesses range between 1 and 217 cm with the significant
predominance of thin beds (sandstone mean = 5.2 cm; me-
dian = 2.8 cm). Solitary thin- to thick-bedded sandstone is
very rarely distributed within the marl-dominated sections.
Heterolithic deposits (F10 5.2%) and siltstone (F9 2%) have
fourth and fifth place in the overall percentage composition
of FA1, but their proportions may have been underestimated,
owing to their poor contrast with marlstone. The packages
of FAl range from 0.9 to 41.7 m in thickness (mean ~12.5 m)
and show almost exclusively thin-bedded logs without the
characteristic grain-size and bed thickness trends. Despite
the predominance of tabular beds, there are beds with undu-
lar morphology and erosional features.
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Quantitative summary of the characteristics of facies associations in the study area.
Note colour code of the facies and facies associations in Table 1
according to the legends in Figures 7 and 10, respectively.
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Table 1

Package thickness
0.8-5.5m
(mean 2.9 m)

FA1
Package thickness Package thickness
0.9-41.7m 2-21.6 m
(mean 12.5 m) (mean 9.8 m)
Com- Individual Com- Individual
ponent | facies bed | ponent | facies bed
facies thicknes- facies thicknes-
thickness ses: thickness ses:
contribu- contribu-
tion: tion:
0.2— 0.5—
F8 36 cm F8 37.5 cm
62.88% (mean 56.74% (mean
4.4 cm) 5.2 cm)

Com- Individual
ponent | facies bed
facies thicknes-
thickness ses:
contribu-

tion:

23.49%

Individual
facies bed

Com-
ponent

facies thicknes-
thickness ses:
contribu-

tion:

Com-
ponent
facies
thickness
contribu-
tion:

Individual

facies bed

thicknes-
ses:

Com- Individual

ponent | facies bed

facies thicknes-
thickness ses:
contribu-

tion:

Individual

facies bed

thicknes-
ses:

Com-
ponent
facies
thickness
contribu-
tion

10.33%

F2
45.24%

F3
12.96%

113 cm
(mean

1-55 cm
(mean
6.4 cm)

F2
36.06%

0.8—
F8 13.5 cm
27.31% (mean
3.1 cm)
1.5-3
F2 0.5 cm
22.72%

Sandstone bed Sandstone bed thick- Sandstone bed Sandstone bed Sandstone bed Sandstone bed Sandstone bed
thicknesses: nesses: thicknesses: thicknesses: thicknesses: thicknesses: thicknesses:
Median 2.8 cm Median 2.5cm Median 52 cm Median 47.9 cm Median 14.5 cm Median 52cm Median 4cm
Mean 52cm Mean 4.2 cm Mean 66.5 cm Mean 64.6 cm Mean 20.1 cm Mean 8.8 cm Mean 6.1 cm
Variance | 315.6 cm? | Variance | 31.7 cm? | Variance [2194.2 cm?| Variance |3305.8 cm?| Variance | 333.2 cm? | Variance | 108 cm? | Variance | 33.1 cm?
Stal?d?rd 17.8 cm Star}dgrd 5.6 cm Sta{ldgrd 46.8 cm Star}da}rd 57.5cm Stapdé}rd 18.3 cm Star}dgrd 10.4 cm Starhldz}rd 5.8cm

deviation deviation deviation deviation deviation deviation deviation
0-21% 6— 71.8— 52.5- 46.9— 43.2— 7.8
Sandstone (meano Sandstone | 28.3% | Sandstone | 98.9% | Sandstone | 99.8% | Sandstone | 93.9% | Sandstone | 80.2% | Sandstone | 41.2%
net/gross 9.9%) net/gross (mean net/gross (mean net/gross (mean net/gross (mean net/gross (mean net/gross (mean
o 19.7%) 85.5%) 94.2%) 76.5%) 59%) 30.7%)
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Fig.5. Representative sedimentary logs of marlstone-dominated lower-slope and base-of-slope deposits (FAl) and marlstone-dom-
inated lower-slope and base-of-slope bypass zone (FA2). A. Marlstone-dominated lower-slope and base-of-slope deposits (FAl) in
the Rychwald section. B, C. Marlstone-dominated lower-slope and base-of-slope bypass zone (FA2) in the Szczepanowice and Dunajec
sections. For the full legend, see Figure 7.
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Interpretation: This facies association represents monoto-
nous sedimentation, dominated by low-density calcareous
turbidites. It is now believed that the formation of the marl-
rich packages occurred during the final phase of sea-level
rise and mainly during the sea-level highstand and early fall,
when the accommodation space of the shelf increased and
the supply of siliciclastic sediment was reduced (Ke¢dzierski
and Leszczynski, 2013). Simultaneously, carbonate materi-
al production on the shelf and upper slope was intensified
by nutrient delivery from the upwelling (Kedzierski and
Leszczynski, 2013). After accommodation space on the
margin of the Skole Basin had been exceeded, redeposition
of carbonate material was significantly intensified through
transfer by turbidity currents basinwards. The appearance
of solitary sandstones (especially thick- and very thick-bed-
ded) indicates that siliciclastic deposition did not cease en-
tirely. FAl is interpreted as being deposited on the lower
slope or base-of-slope outside the main sediment pathways
during the relative sea-level highstand and carbonate over-
production on the surrounding shelves and upper slope.
The overall small thickness of the marlstone beds is perhaps
related to the early expansion of flows, which had not been
captured by the main pre-existing sediment pathways, such
as canyons, slope valleys, or channels, incised into basin
slope. Instead, they were spread by turbidity currents over
the low-relief basin slope and uniformly covered it. Only
in the log of Basowy 1 borehole, the occurrence of marl-
stone with slump features was reported at a depth of ~1180 m,
indicating a slope inclination large enough for at least rare
mass-transport events, but overall, turbidity currents pre-
dominated. Similar deposits are widely described along
the entire northern edge of the Skole Basin, representing
the most proximal zone, exposed in the Skole Nappe (e.g.,
Bromowicz, 1974; Kotlarczyk, 1978, 1988a; Lapcik et al.,
2016; Kowalczewska and Gasinski, 2018; Lapcik, 2018,
2019).

Facies association 2 (FA2): Marlstone-dominated
lower-slope and base-of-slope bypass zone

Description: This facies assemblage is dominated by fine-
grained deposits (sandstone net-to-gross of 6% to 28.3%),
with a significantly higher proportion of marlstone (57.7%
of facies F8) compared to mudstone (16.1% of facies F7).
Sandstone facies amount to 19.7% in total, with their dis-
tribution as follows: F2 (9.9%), F5 (4.4%), F6 (4.1%), and
F3 (2%). Sandstone beds commonly show convolution and
soft-sediment deformation, negative lenticular shapes with
erosional bases, bedform-like shapes, and lateral pinch-outs
(Fig. 5B, C). The thicknesses of the sandstone beds range
from 0.7 to 55 cm (mean 4.2 cm; median 2.5 cm). Very
distinctive for FA2 is the proportion of facies F5 and F6,
the highest of all of the described FAs. The mean amount
of these facies is 8.5% in a particular package, and either
facies F5 or F6 may predominate. Heterolithic depos-
its (F10) and siltstones (F9) account for 4.2% and 1.6%,
respectively, but as in the case of FAl, their amount can
be underestimated. Even very thin- and thin-bedded silt-
stone and sandstone contain scattered millimetre-size mud
chips. FA2 occurs in packages of 2 to 21.6 m thick (mean

ca. 9.8 m), without significant changes in trends of grain
size and bed thickness.

Interpretation: FA2 is closely related to FAl, owing to their
similar facies proportions and interfingering, but it is more
influenced by the siliciclastic sediment pathways. Despite
the lack of a higher proportion of thick-bedded sandstone,
the largest amount of lag and bypass deposits (facies F5 and
F6) out of all the FAs described supports the interpretation of
FA2 as a bypass zone of siliciclastic sediment. The relative-
ly high proportion of dispersed extrabasinal and intrabasinal
clasts in facies F1-3, F5 and F6 indicates deposition close
to an area of major erosion. This increased intrabasinal ero-
sion may indicate synsedimentary tectonic activity that left
the slope out-of-grade. The main dissimilarity between FA2
and the characteristics of the channel-lobe transition zone
(e.g., Normark ef al., 1979; Kenyon and Millington, 1995;
Palanques et al., 1995; Morris et al., 1998; Wynn et al., 2002;
Stevenson et al., 2015; Tinterri et al., 2017; Brooks et al.,
2018) is that lag deposits of facies F5 and F6, predominate
over small-scale scour surfaces and erosional features. This
can be explained as 1) the record of the more distal or lateral
area of the channel-lobe transition zone from the mouth of
the feeder-channel system or 2) the underdeveloped chan-
nel-lobe transition zone, where the channel never propagat-
ed fully through the zone (Brooks et al., 2018). In the study
area, there is no direct link between FA2 and the channel-fill
facies; therefore, FA2 most likely represents a different type
of bypass zone, compared to the more frequently described
channel-lobe transition zone.

The variable development of FA2 may correspond to
the complexity of the bypass zone, with adjacent are-
as of erosion, bypass, deposition, and bottom reworking.
Particular logged sections, interpreted as FA2, may repre-
sent different parts of the bypass zone, dominated by differ-
ent transport and depositional processes, thus resulting in
a varied arrangement of facies, especially facies F5 and F6.
Sedimentation with a significant contribution of lag depos-
its and convolute lamination is rather characteristic for an
area close to a hydraulic jump, e.g., a break-in-slope area
(Tinterri et al., 2017).

Facies association 3 (FA3): Channel-fill deposits
and channel-lobe transition zone

Description: Facies assemblages of this type occur as sand-
rich bodies, ~5.6 to 36.6 m thick (mean ~17.7 m), dominat-
ed by sandstone and conglomerate (sandstone net-to-gross
from 71.8 to 98.9%) of facies F1 (40.6%), F2 (23.5%) F4
(14.5%) and F3 (6.3%). Beds of sandstone and conglomer-
ate show their highest statistical parameters (mean 66.5 cm;
median 52 cm). Facies F11 also accounts for a significant
proportion, reaching its maximum in the entire study area
(12.2%). The reason why FA3 is less ‘sandy’ than FA4, but
still represents a higher-energy depositional environment, is
the occurrence of facies F11, which was included in mud
in estimation of the sand-mud ratio. The remaining fine-
grained facies, reaching in total up to ~3%, are dominated by
facies F7 (2.3%). Sandstones and conglomerates are domi-
nated by graded and ungraded, thick, and very thick beds,
which include the coarsest grain sizes in the entire study
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area (Fig. 6). Amalgamated beds, erosional bases, grain-size
breaks, and dewatering structures are common. These facies
assemblages display thinning- and fining-upwards trends,
the pattern of which may be affected by irregular occurrenc-
es of debrite facies F4 and F11. This facies association was
documented in detail only in the Zagorze section.
Interpretation: The highest proportion of coarse-grained
sandstone and conglomeratic facies (mostly of facies F1)
and debritic deposits of facies F11, together with the highest
amount of erosional features, bed amalgamation, and a fin-
ing-and thinning-upward trend supports the interpretation of
it as a submarine channel fill (cf. Mutti and Normark, 1987,
Gardner et al., 2003; Mayall et al., 2006; Hubbard ef al.,
2008, 2014, 2020; Janocko et al., 2013; Covault et al., 2016;
Baas et al., 2021). However, the strong aggradational trend
without variation in facies association over ~60 m of the
Zagorze section, and its further upward transition into the
lobe-axis FA4, provide an additional premise to consider.
FA3 could represent a more complex environment, bearing
a characteristic of both channel-fill deposits (perhaps of
a multistorey nature) as well as the channel-lobe transition
zone (Wynn et al., 2002; Stevenson et al., 2015; Brooks
et al., 2018) in one facies association, which are difficult to
separate in the studied log. The true thickness of sandstone
beds remains unknown, owing to common amalgamation
and erosion, which in turn affects the results of the statis-
tical characteristic of FA3 with decreased values of me-
dian, mean, variance and standard deviation of sandstone
bed thickness (Tab. 1). Studies in the excellently exposed
deep-water systems showed that channel fills can show
a more complex internal structure than that described here
and only large-scale scour features are obvious evidence of
their true position. Therefore, the presented proportion of
FA3 (reported only in the Korzenna, Zagérze, and Lichwin
sections) in the study area may be higher at the expense
of the sand-rich facies associations FA4 described below,
owing to the poor exposure of diagnostic large-scale scour
features. The general statistical characteristics of subma-
rine-channel fill in the study area make it comparable to the
facies associations of a channel-fill, described in the more
eastern part of the Skole Basin (Lapcik, 2018, 2019).

Facies association 4 (FA4): Lobe-axis deposits

Description: This facies association is characterised by
packages 3-9.3 m thick with the highest mean contribution
of sandstone (sandstone net-to-gross from 52.5% to 99.8%,
mean 94.2%). The proportions of sandstone by facies are as
follows: F1 (73.7%), F2 (10.3%), F4 (5.6%), and F3 (4.6%).
The sandstone beds are mostly tabular, with common de-
watering structures. In contrast to the FA3 amalgamated
beds, erosional features are less abundant and grain size
decreases significantly to predominantly medium- and fine-
grained sand (Fig. 7). However, the overall mean thickness
(64.6 cm) and median thickness (47.9 cm) of the sandstone
beds remain similar. Fine-grained facies (~3% in total) are
mostly represented by facies F7 (2.6%). This facies associa-
tion is widespread in the numerous sections of the study area.
Interpretation: This facies association is characterised by
thick- and very thick-bedded sandstones, which are more
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fine-grained than FA3. A high proportion of tabular beds,
dominated by F1, together with a lower amount of amalgama-
tion, erosion, and grain size breaks, implies interpretation as
a relatively proximal depositional environment of high ener-
gy, such as the axial part of a depositional lobe (cf. Mutti and
Normark 1987; Pickering et al., 1995; Deptuck et al., 2008;
Prélat et al., 2009; Bernhardt et al., 2011; Prélat and Hodgson,
2013; Grundvag et al., 2014; Marini et al., 2015; Lapcik 2017,
2019; Hansen et al., 2019; Baas et al., 2021).

Facies association 5 (FA5): Lobe-off-axis deposits

Description: This facies assemblage shows a gradual
decrease in the proportion of sandstone (sandstone net-
to-gross 46.9% to 93.9%) and in bed thicknesses (mean
20.1 cm; median 14.5 cm), compared to FA4 (Figs 7, 8).
The FAS packages are 1.7 to 19.5 m thick (mean ~6 m) and
show a further shift of the facies distribution to the domi-
nance of deposits, generated by the relatively lower-energy
currents of facies F2 (45.2%) and F3 (13%) over high-den-
sity turbidity currents F1 (16.5%). Sandy debrites F4 (1.6%)
remain marginal, but HEBs are present. The general propor-
tion of fine-grained facies increases, with the highest change
in facies F7 (10.8%).

Interpretation: Gradual thinning of sandstone beds and in-
crease in finer-grained facies support the interpretation of
this facies assemblages as a lateral or downflow equivalent
of FA4 and, therefore, sediments of depositional lobe-off-
axis (cf. Mutti and Normark 1987; Deptuck et al., 2008; Prélat
et al., 2009; Bernhardt et al., 2011; Prélat and Hodgson,
2013; Grundvag et al., 2014; Lapcik, 2017, 2019; Spychala
et al., 2017; Hansen et al., 2019; Baas et al., 2021).

Facies association 6 (FA6): Lobe-fringe deposits

Description: This facies association reflects a further de-
crease in the thickness and proportion of sandstone beds
(sandstone net-to-gross 43.2—-80.2% with mean 59%) of
the sandy facies (Figs 7, 8). FA6 is organised into packages
0.8-5.7 m thick (mean ~3.1 m), where there are mainly thin
beds (mean 8.8 cm; median 5.2 cm). Facies F2 (36.1%)
remains the most common, and the amount of facies F3
(14.2%) exceeds that of facies F1 (8.4 %). HEBs occur, but
facies F4 (0.6%) is very rare. A high increase in fine-grained
facies is noticeable, with the predominance of facies F7
(30.9%).

Interpretation: The decrease in the mean proportion of the
sandstone net-to-gross from 76.5% in FAS to 59% in FAG,
together with the finning and thinning of beds, reflects a fur-
ther shift towards the distal area of the depositional lobe.
FAG6 is interpreted as the deposits of the lobe fringe (e.g.,
Prélat et al., 2009; Grundvag et al., 2014; Lapcik, 2017,
2019; Spychala et al., 2017; Hansen ef al., 2019).

Facies association 7 (FA7):
Interlobe deposits/lobe-distal-fringe deposits

Description: This facies association is characterised by
the highest proportion of fine-grained facies (Fig. 8), with
simultaneous domination of mudstone facies F7 (29.7%)
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Fig. 6.
section. For the full legend see Figure 7.

over marlstone facies F8 (27.3%). The packages of this fa-
cies assemblage are 0.8-5.5 m thick (mean 2.9 m). FA7 is
poor in predominantly thin-bedded (mean 6.1 cm; median
4 cm) sandstone facies (sandstone net-to-gross 7.8-41.2%
with mean 30.7%), which are represented almost entirely
by facies F2 (22.7%) and F3 (7.2%). Still, some rare beds of
sandstone, up to 30 cm, are randomly distributed in the logs.
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Representative sedimentary logs of the channel-fill deposits and channel-lobe transition zone deposits (FA3) in the Zagorze

Heterolithic deposits (F10 8.5%) and siltstone (F9 3.9%)
reach their maximum in FA7.

Interpretation: This facies association represents the sed-
imentary environment with the lowest energy in the study
area, dominated by siliciclastic deposition. The predomi-
nance of the fine-grained facies implies the most distal set-
ting or at least the least energetic sedimentary environment,
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Fig.7. Representative sedimentary logs of lobe-axis deposits (FA4), lobe-off-axis deposits (FAS) and lobe-fringe deposits (FA6) in
the Janowice section. JAN 1-28, 29 dark and light represent beds sampled for grain-size analysis (Supplementary Material 1, Table S1).
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by comparison with the previously described facies. FA7
is interpreted as lobe-distal-fringe or interlobe deposits,
reached by mainly low-density turbidity currents (e.g.,
Prélat et al., 2009; Grundvag et al., 2014; Lapcik, 2017,
2019; Spychala et al., 2017; Boulesteix et al., 2020).

DISCUSSION

Evolution of the depositional system
in the western part of the Skole Basin

The stratigraphic grouping of sedimentary logs from
the southern (Fig. 12) and northern areas (Figs 13, 14) into
time intervals was based primarily on the spatial distribu-
tion of similar facies associations and the lateral extension
of four characteristic sand bodies (SB1-4). These were the
main tools for correlation between particular sections and
between the southern and northern areas, represented by dif-
ferent thrust sheets (Fig. 15). Additionally, dating of calcar-
eous nannoplankton and foraminifers and previous studies
of this area (Marciniec et al., 2006, 2014) were considered.
However, some disagreements in micropalaeontological
dating with previous studies occurred (see Supplementary
Material, Table S2; cf. Marciniec et al., 2006, 2014). Four
stages (S1-4) of the late Cretaceous—Paleocene evolution of
the western part of the Skole Basin were distinguished, each
starting with a particular SB, except for stage S1, containing
SBI in the middle of the sedimentary succession (Fig. 16).
The entire sedimentary succession was compared with the
lithostratigraphic chart of the Skole Basin (Kotlarczyk,
1978, 1988a; Malata, 1996; Fig. 2). The evolutionary stages
of the study area are described and interpreted below.

Stage 1 (S1): Early Campanian

The oldest deposits of the Ropianka Fm in the study area
are dated as early Campanian to early late Campanian and
represent stage S1 (Figs 9, 13), which exceptionally begins
with marlstone-dominated sedimentation instead of a sand
body, as in the later stages. In the southern area (Lubinka
and Dunajec sections), an episode of intense siliciclastic
sedimentation was distinguished (SB1), which led to the
subdivision of stage Sl into three substages (Sla, Slb, Slc;
Fig. 9). In the southern area (Dunajec, Lubinka, Plesna and
Rychwald sections), substage Sla is represented by marl-
stone-dominated sedimentation, with sparse thick and very-
thick bedded sandstone (FAI) limited to the Dunajec section
(log interval 11-54 m; Fig. 9). In the lowermost part of the
Dunajec section (log interval 0—9 m; Fig. 9), marlstone-dom-
inated deposits with dune bedforms and lag deposits (FA2)
indicate the location of the sediment bypass zone with palae-
otransport towards the E along the basin axis. This area was
affected by sustained turbulent flows, which reworked the
sand-starved substratum into dune-scale bedforms (cf. faci-
es F5 in Tinterri et al., 2017). In the Dunajec and Lubinka
sections, above the marly deposits (FAl) of substage Sla,
the beginning of the second substage Slb is represented
by an SBI, tens of metres thick (Fig. 9). Only the Lubinka
section was exposed well enough for detailed logging of
this substage. The Lubinka sand-rich section starts with the
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Fig. 8. Representative sedimentary logs of lobe-off-axis depos-
its (FAS5), lobe-fringe deposits (FA6), and interlobe / lobe-distal-
fringe deposits (FA7) in the Dabrowka Szczepanowska section.
D.SZ 8-1IMP mark place of the micropalacontological sample
collection. For the full legend see Figure 7.
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Fig. 9.
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Simplified sedimentary logs of the Janowice-Lichwin Syncline, stage Sl. Blue labels mark the approximate position of

the micropalaeontological samples. An additional explanation is given in Figure 10. Abbreviations: DUN-JAN (Dunajec-Janowice sec-
tions); LUB-KORZ (Lubinka-Korzenna sections); PLE-ZAG (Ple$na-Zagorze sections); RY-LICH (Rychwatd-Lichwin sections). Note
that only sections with distinguished facies associations were logged in detail. Logs ‘not logged in detail’ are synthetic representations of
observed outcrops and map estimates. Owing to the small number of palacotransport direction measurements in particular outcrops, data

are presented as arrows instead of the typical rose diagram.

thickening-upward deposits of a prograding depositional
lobe, formed in a lobe-axis setting (FA4; log interval 0—3 m;
Fig. 9), terminated with abrupt abandonment, recorded as
thin muddy interlobe deposits (log interval 3-3.3 m; Fig. 9).
Up the section, the occurrence of HEBs and banded
sandstone is related to a period of development of the
lobe-off-axial setting (FAS; log interval 3.3-6.8 m; Fig. 9),
which initiated the prolonged aggradation of the deposition-
al lobe. For the remaining portion of the section (log interval
6.8-38 m; Fig. 9), the lobe-axis (FA4) setting occurs without
important signs of lobe compensational stacking or shifting
of the depositional environment, but with the disappearance
of the HEBs up the section. Changes in bed thickness in-
dicate the distinction of 5 or 6 lobe elements (sensu Prélat
et al., 2009) in the lobe-axis setting (Fig. 9). Palaeotransport
data are sparse and show directions towards the NW, indi-
cating the first record of southern source (Weglowka Ridge)

activity (Figs 9, 16). Superimposed marl-dominated depos-
its (FAl) belong to substage Slc and are mostly covered
in the Lubinka area (Fig. 9). Their uppermost part is ex-
posed closer to the Korzenna area in the Lubinka Stream
(Fig. 15). Farther to the E, in the Rychwald section, there
are no signs of substage Slb (Figs 9, 15). Instead, sand-
starved marly sedimentation (FAl) remains uninterrupt-
ed without significant changes throughout the entire stage
S1, and palaeotransport is towards the SE, with a source in
the northern margin of the Skole Basin (Fig. 9). The increas-
ing influence of the siliciclastic source is recorded in the re-
peated alternation of the marlstone-dominated lower-slope
and base-of-slope deposits (FAl) and lobe-distal-fringe de-
posits (FA7), reported from the Lubinka (not logged in detail)
and Rychwald (log interval 67-85 m; Fig. 9) sections, with
a decrease in the marl-to-mud ratio. During the substage
Slc, the area of Lubinka again shows axial palaeotransport



EVOLUTION OF A TURBIDITE SYSTEM IN A NARROW BASIN

159

Fig.10. Simplified sedimentary logs of the Janowice-Lichwin Syncline, stage S2. Blue labels mark the approximate positions of
the micropalaecontological samples. Additional explanation is given in the description of Figure 9.

and the Rychwald section shows palaeotransport towards
the SW, S and SE (Fig. 9).

The northern area records more monotonous marl-
stone-dominated sedimentation throughout stage S1 (Fig. 13).
The thickness of the best exposed sedimentary succession in
Szczepanowice, dominated by deposits of FAl with sparse
thick- and very thick-bedded sandstones, is estimated at
~180 m in total (Fig. 13). This sedimentary succession is
a northern equivalent of the three substages (Sla—c), de-
scribed in the southern area (Figs 9, 13, 16). The absence
of an unambiguous equivalent of the SBI deposits in the
Szczepanowice section makes it similar to the Rychwatd
section (Figs 9, 13). According to the general sedimentary
changes during the stage SI, there is an increasing influ-
ence of siliciclastic sedimentation and repeated incursions
of lobe-distal-fringe deposits (FA7) in the upper part of
the Szczepanowice section. The siliciclastic deposits in
the Szczepanowice and Dabréwka Szczepanowska sec-
tions mainly show palaeotransport directions toward the S,
SE and E (Fig. 13). In the middle and upper parts of the
Szczepanowice section, some palaeotransport directions are
toward the NW and SE (Fig. 13).

Interpretation: Clast-rich deposits with dune bedforms
(facies F6) of the Dunajec bypass zone (FA2; substage Sla
in Fig. 9) are evidence of the upcurrent erosion of the muddy

substratum and significant sediment bypass (cf. Stevenson
et al., 2014; Tinterri et al., 2017). However, no downcur-
rent siliciclastic equivalent to this bypass zone was report-
ed in the outcrops to the east, which in turn points to the
basinward transfer of siliciclastic sediment at a minimum
distance of ~8 km (Figs 9, 15, 16). Near the Dunajec area,
sediment gravity flows reached a hydraulic jump, eroding
the muddy substratum, and left part of their coarsest frac-
tions, which transformed them into predominantly non-dep-
ositional flows over a distance of at least several kilometres.

The rare thick- and very-thick bedded sandstones, re-
ported within FAI at the Dunajec (log interval ~14—47 m;
Figs 9, 16) and Szczepanowice (log interval ~90-100 m;
Figs 13, 16) sections during substage Sla, are limited to the
most marginal part of the study area. They may represent
small intraslope sandy lobes, which captured some of the
sediment in local ponds, perhaps inherited after periods of
increased erosion in the sediment bypass zones or small
slump scars in the northern basin slope. The concentration
of siliciclastic deposits in these solitary beds indicates tem-
poral pulses of increased siliciclastic supply to the basin.
Different numbers of thick beds and different thicknesses
of marly intervals between them prevent their corelation be-
tween the Dunajec and Szczepanowice sections (Figs 9, 13)
and imply a relatively small lateral extent of these sandy
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Fig. 11.
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Simplified sedimentary logs of the Janowice-Lichwin Syncline, stage S3. Blue labels mark the approximate positions of the

micropalaeontological samples. Additional explanation is given in the descriptions of Figures 9 and 10.

bodies (Fig. 16). An alternative interpretation of the thick-
bedded sandstones indicates their formation as the more
distal and finer-grained deposits of flows, which in the prox-
imal area were responsible for the formation of the dune
deposits of facies F6, e.g., in the Dunajec section. In such a
case, the occurrence of thick-bedded sandstones above the
dune deposits in the Dunajec section can be explained by
the retreat of the source for >8 km, resulting in retrograda-
tion of the siliciclastic system.

Development of the small fan (SB1) in the southern
area during substage Slb (Dunajec and Lubinka sections;
Figs 9, 14) marks the activation of the Weglowka Ridge as
a source (Fig. 16). It is more likely that this was triggered by
tectonic impulse, rather than by eustatic sea-level change,
due to the uninterrupted marl sedimentation in the Rychwatd
and Sczepanowice sections through stage S1 (Figs 9, 13)
and the change in the equilibrium profile that resulted in
the generation of HEBs (cf. Pszonka ef al., 2023 and refer-
ences therein). The lack of evidence for propagation of the
Lubinka-Dunajec fan eastward and the NW palaeotransport
directions are in contrast to the SW palaeotransport direc-
tions in the Rychwald section (Fig. 9). This can be explained
by the formation of temporary confinement, provided by
the hypothetical tectonic elevation, originating from the
same tectonic trigger, which activated the Weglowka Ridge
(Fig. 16). This transverse tectonic obstacle could have sep-
arated the western and eastern parts of the basin and forced

the propagation of sediment gravity flows to the NW (Tinterri
et al., 2020, 2022). The confinement also could account
for the lack of a clear compensational stacking pattern
and a strong aggradation trend of the depositional lobe in
the Lubinka section (Fig. 9). A transverse obstacle also
could explain the appearance of a northward palaeotrans-
port direction in the middle part of the Szczepanowice sec-
tion (Fig. 13) as a sign of overspill of the dilute flows, which
were less affected by the confinement and/or inclination of
the northern slope. Before the beginning of stage S2, the sea-
floor was already healed and transport along the axis of the
basin was restored, at least in the area of the Lubinka section
(Figs 9, 16). Increasing siliciclastic supply during substage
Slc heralded sea-level fall and the beginning of prograda-
tion of the turbidite complexes (Fig. 16).
Micropalaeontological dating, lithological characteristics
and stratigraphic position of the described marly deposits fit
well the lithostratigraphic chart of the Skole Basin (Fig. 2)
and allow them to be distinguished as the western equiva-
lent of the Kropivnik Fucoid Marl (lower Campanian—lower
upper Campanian). The early Campanian stage Sl is inter-
preted as the progradation of slope and base-of-slope de-
posits, dominated by redeposited carbonates during the final
phase of sea-level rise and mainly sea-level highstand and
early fall (Kedzierski and Leszczynski, 2013) with episodes
of siliciclastic sediment incursions and bypass, caused by
small-scale sea-level changes and/or tectonic activity.
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Fig. 12.

Simplified sedimentary logs of the Janowice-Lichwin Syncline, stage S4. Blue labels mark the approximate positions of

the micropalaecontological samples. Additional explanation is given in the descriptions of Figures 9 and 10.

Stage 2 (S2): late Campanian

During the late Campanian, sedimentation switched
from carbonate- to siliciclastic-dominated, resulting in
the development of a sedimentary succession, a few hun-
dred metres thick. This change already was begun during
the early Campanian (Slc) and recorded as an increase in
the supply of siliciclastic deposits up the Szczepanowice
and Rychwald sections (Figs 9, 13). Stage S2 represents
a full spectrum of depositional environments from the axial
zone of depositional lobes (FA4) and distributary-channel

fill (FA3) to interlobe sediments (FA7), concentrated in SB2
and mostly thin- to medium-bedded succession above, for
which lateral tracking and correlation are difficult (Fig. 15).
Palaeotransport directions during stage S2 indicate the fan-
shaped distribution of the deposits and the propagation of
the channel-lobe complex, mostly longitudinally relative
to the basin margins, in accordance with the general incli-
nation of the basin floor (Fig. 16; cf. Ksigzkiewicz, 1962;
Bromowicz, 1974).
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Fig.13. Simplified sedimentary logs of the Marginal Anticline. A. Stage Sl. B. Stage S2. Blue labels mark the approximate posi-
tions of the micropalacontological samples. Abbreviations: DUN-D.SZ (Dunajec-Dabrowka Szczepanowska sections); SZCZ-LUB
(Szczepanowice-Lubinka sections); PLE (Plesna section). Additional explanation is given in the descriptions of Figures 9 and 10.
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Fig. 14. Simplified sedimentary logs of the Marginal Anticline and Szczepanowice Thrust, stages S3 and S4. Blue labels mark the ap-
proximate positions of the micropalaeontological samples. Additional explanation is given in the descriptions of Figures 9 and 10.
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Fig.15. Facies map of the study area with an overlay of a hillshade terrain model (https://baza.pgi.gov.pl/cbdg/geoportal) and distin-
guished sandy bodies (SB1-4) and marl-dominated facies. Geology and tectonics are based on Marciniec ef al. (2006, 2014), with modi-

fications based on field observations.

During stage S2, the southern area shows the appearance
of a well-developed sand-rich succession (SB2), document-
ed in the Rychwald section, but extending eastward at least
to the Lubinka-Korzenna area (Figs 10, 16). These sediments
of a depositional-lobe complex are at least 115 m thick and
dominated by a lobe-axis setting, with a subordinate propor-
tion of deposits forming a distributary channel-fill, incised
in the depositional lobe and lobe-oft-axis settings (Fig. 10).
The Rychwald section contains structureless muddy sand-
stones of facies F4, the proportion of which decreases up
the section. The Rychwald succession records the maximum
progradation of the channel-lobe complex in the study area
during the late Campanian, with sparse palaeotransport di-
rections to the SE and NE (Figs 10, 15). Up the Rychwatd
section above SB2, the deposits are dominated by the more
distal settings of FAS, FA6, and FA7, but without significant
cessation of the influence of the siliciclastic source.

Similar facies associations occur in the northern area in
the Szczepanowice section and in section E of it, where poor
exposure and tectonic deformation permit only general in-
sight into the depositional environment (Fig. 13). This area
is mostly represented by the deposits of shifting sub-envi-
ronments of the depositional lobe FA4, FAS, FA6, and FA7,

probably owing to compensational stacking. Sparse meas-
urements show a wide distribution of palaeotransport direc-
tions, which did not allow major sediment pathways to be
distinguished in the area.

Interpretation: A significantly increased sand supply from
the beginning of stage S2 resulted in a larger volume of sed-
iment gravity flows and a concentration of sandy deposits
in SB2, which is far more extensive than SBI (Figs 10, 15).
The expected cause of the supply increase is the develop-
ment of a shelf-edge delta to the NW of the Skole Basin
margin as a result of sea-level fall. Moreover, a change
in the equilibrium profile is recorded in the appearance
of structureless muddy sandstone of facies F4 (including
divisions H3 of HEBs), interpreted as the product of in-
tensified erosion of the muddy substratum up-dip and flow
transformation, due to erosional bulking (cf. Haughton et
al., 2009). Up SB2, the frequency of facies F4 decreases,
indicating gradual slope levelling and decreasing erosion
(Fig. 10).

In an unconfined setting, it might be expected that the
development of the depositional lobe complex was con-
trolled by the constantly changing topography of the sea-
floor by build-up of the depositional lobe and/or its graduall
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Fig.16. Four evolutionary stages of the Ropianka Fm south of Tarnéw during the Campanian—Maastrichtian.

lateral migration. In such a depositional environment, sedi-
ment gravity flows are switching between local topograph-
ic depressions in a compensational stacking pattern and/
or abruptly shift, owing to updip avulsion of a distributary
channel.The sand-rich part of the Rychwald section (SB2;
Fig. 10) is less exposed than the Stonne section, located
further to the E of the Skole Basin (cf. Lapcik, 2017). In the
Stonne area, the depositional lobe complex was formed in
unconfined conditions with enough accommodation space
for full development of a compensational stacking pattern,
due to lateral migration of the facies association, which is
recorded in a wide spectrum of depositional lobe environ-
ments in ~140-m-thick log (Lapcik, 2017). In the less ex-
posed, ~115-m -thick Rychwatd section (SB2 in Fig. 10),
sediments of the depositional lobe-axis (FA4) predominate
with only rare occurrences of succesions interpreted as the
depositional lobe-off-axis (FAS). This argument supports
interpretation of Rychwald section development (SB2 in
Fig. 10) in a more aggradational stacking pattern, simi-
lar to that of the Lubinka section (SB1 in Fig. 9). On the
other hand, interlobe and depositional lobe-fringe facies
associations are missing and it is unknown what type of
depositional environment is recorded in the covered parts
of the Rychwald section (Fig. 10). The thicknesses of gaps
in the Rychwatd section are comparable with the thickness
of changing subenvironments in the lobe-complex in the

eastern part of the Ropianka Fm (cf. Lapcik, 2017, 2019).
Already during substage Slb, the distribution of facies
associations FA4 and FAS showed the limited spatial ex-
tension of the strongly aggradational Lubinka depositional
lobe (SBI, Fig. 9). Therefore, the author expects that at
least the largest-volume flows could have been affected by
the limited size of the Skole Basin during stage S2, pre-
venting their free expansion on the local basin floor. This
also would have led to the limited possibility of lateral
migration or compensational stacking of the depositional
lobe sub-environments in the study area. On the basis of
the restored cross-section, the width of the Skole Basin
in its eastern part was postulated to be ~140 km (Gagata
et al., 2012). On the basis of this estimate and a signifi-
cant reduction in the outcrop width of the Skole Nappe
to the west, the author expects that in the study area the
basin originally should have been narrower, perhaps not
exceeding 50 km or even less. The estimated width of the
western part of the Skole Basin could have affected at least
the largest sediment gravity flows, resulting in their par-
tial confinement. The bipartite character of stage S2 with
SB2 at the base (Figs 10, 13) and the medium- to thin-bed-
ded mixed mud-sand deposits at the top is interpreted as
a major progradational-retrogradational cycle of the chan-
nel-lobe complex (Fig. 16). The upper fragment of stage
S2, represented by the sedimentary succession between the
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outcrops of SB2 and SB3 (Figs 10, 13), reflects a relatively
abrupt bulk retreat of the turbidite system and shifts towards
the facies association, linked with a lower fan setting.

On the basis of micropalaeontological dating, lithological
characteristics, and stratigraphic position, the deposits of
stage S2 are interpreted as Turnica Flysch, being a part of
the Wiar Mbr (Fig. 2; Kotlarczyk, 1978; Malata, 1996).
The general shift of sedimentation from carbonate-dom-
inated to siliciclastic-dominated correlates with the be-
ginning of the global sea-level fall, which began during
the late Campanian (Haq, 2014), and may have affected
the Skole Basin as well, for example, by allowing delta-
ic source progradation and reducing carbonate production
on the shelf (Kedzierski and Leszczynski, 2013; Lapcik,
2019). It is possible that the formation of these deposits of
stage S2 was coeval with the development of the Stonne
depositional-lobe-complex. The general progradation-
al-retrogradational signature, without significant influence
of the carbonate source during stage S2, may represent
small-scale sea-level fluctuation.

Stage 3 (S3): early to late Maastrichtian

During stage S3, the distribution of facies associations
shows the characteristics of both previous stages. In the
western part of the southern area (Janowice, Korzenna,
and Zagorze sections), SB3 marks the base of stage S3
(Figs 11, 15). The Janowice section (SB3) contains deposits
of the lobe-axis (FA4), the lobe-off-axis (FAS) and the lobe-
fringe (FA6) with banded sandstone (F3) and subordinate
contribution of HEBs (Fig. 7, 11). In the southern area, as in
stage S2, above the sandy body (SB3) sedimentary succes-
sionis mostly are represented by muddy sedimentation with
alternation of thin- to medium-bedded sandstone. However,
stage S3 contains mixed sand-mud-marl packages, though
less pronounced than during stage Sl. Palaeotransport data
indicate E and SE directions in SB3 and additionally N-S in
the upper part of the mixed sand-mud interval (Zagorze and
Lichwin-Rychwald sections in Fig. 11). Farther to the E in
the Rychwatd and Lichwin sections, fine-grained deposits
with an alternation of marlstone represent the entire stage
S3 without signs of SB3 and the palaeotransport directions
towards the E, NE and N (Figs 11, 15).

In the northern area, the Dunajec and Dabrowka Szcze-
panowska sections reflect the alternation of marlstone-dom-
inated deposits with the influence of the siliciclastic source
and repeated marlstone-dominated deposits with lag de-
posits (Fig. 14). In the lower part of the Dunajec section
(log interval 0-36 m in Fig. 14), the thin- to medium-bed-
ded deposits rarely alternates with coarse-grained sand-
stone and granule conglomerate. Noticeably, these depos-
its contain a high proportion of marlstone, indicating the
simultaneous activity of the siliciclastic and carbonate
sources. A lateral equivalent of these deposits was logged
in the Dabréwka Szczepanowska section (Figs 14, 15).
Up the Dunajec section (log interval ~36—70 m in Fig. 14),
the facies association shifts to the alternation of a marl-
stone-dominated setting with sediment bypass (FA2) and
lobe-off-axis desposits (FAS) in a stratigraphic position cor-
responding to SB3 (Figs 14, 15). Thicker sandstone beds
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contain a significant proportion of banded sandstone (facies
F3), frequently with a complex internal structure, amalga-
mation, and repeating planar-parallel and cross-laminated
intervals, sometimes indicating changing transport direc-
tions. In the log interval between 70-90 m (Fig 14), packag-
es of facies association FAS are replaced with depositional
lobe-fringe (FA6) and marlstone-dominated lower-slope
and base-of-slope deposits (FAl) with the last interval
of FA2. Ultimately up the section, a depositional lobe-
fringe (FA6) setting predominates (log interval 90-107 m
in Fig. 14). Palaeotransport data in the Dunajec section
show a fan-shaped distribution of directions, predominantly
to the NE, E and SE (Fig. 14). In the Szczepanowice sec-
tion, deposits similar to the Dunajec intervals of FA2 were
reported (Fig. 14). Here, they are located close to the mar-
gin of the Carpathian Thrust in the Szczepanowice Thrust
Sheet and superposed by a sandy interval (?SB3), deduced
from the very poor exposures of sandstone beds (Fig. 14).
In the Szczepanowice section, palaeotransport measure-
ments show mostly N and S directions (Fig. 14). The Szcze-
panowice section, located in the Marginal Anticline, is
affected by tectonic deformation and is poorly exposed,
which obscures the picture of basin development. Sand-rich
intervals with the signatures of the depositional lobe-axis
(FA4) and off-axis (FAS) settings were identified (Fig. 14).
However, in some cases, their stratigraphic position and in-
terpretation as SB2 or SB3 remain uncertain (Fig. 15).
Interpretation: Deposits of stage S3 represent another
major progradational-retrogradational cycle, but this time
with the simultaneous influence of the carbonate source
(Fig. 16). Marly facies associations are less widespread
than during stage Sl and are more diluted by accompanying
siliciclastic sedimentation (Figs 11, 14, 16). Compared to
stage S2, progradation of the lobe complex is limited to the
western part of the basin and fully replaced by distal envi-
ronments to the E, in the Rychwald and Lichwin sections
(Figs 11, 14, 16). On the basis of the small distance between
the Dunajec, Dabrowka Szczepanowska and Janowice sec-
tions (contemporary distance ~3 km), it is likely that all
sections represent the same channel-lobe complex, with
the lobe off-axial (FAS) and fringe (FA6) deposits in the
Dunajec and Dabrowka Szczepanowska additionally af-
fected by the progradation of the carbonate sedimentation,
with supply from the northern margin of the basin (Figs 11,
14-16). The appearance of complex beds, with amalga-
mation and repetition of planar-parallel lamination and
cross-lamination with changing current directions in sand
rich intervals of the Dunajec section (SB3 in Fig. 14), is
evidence of the deflection of sediment gravity flows, due to
interaction with the northern basin margin or other top-
ographic obstacles (e.g., Muzzi Magalhaes and Tinterri,
2010; Tinterri and Tagliaferri, 2015; Bell et al., 2018; Siwek
et al., 2023). Such features are reported only in thick-bed-
ded sandstones, deposited by flows with enough volume to
interact with the basin topography. In the Dunajec section,
there is a noticeably high amount of convolute lamination,
which also is postulated to be one of the lines of evidence
for interaction between flow and the local basin topography
(Tinterri et al., 2016, 2022). Some of the palaeotransport di-
rections toward the N or with a N-S trend leave uncertainty
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about the activity of the southern source (Weglowka Ridge)
at that time.

It is unclear if stage S3 represents part of the Wiar
Mbr or the Leszczyny Mbr (Fig. 2). Nonetheless, the late
Maastrichtian age of micropalaeontological samples from
the Dunajec, Szczepanowice and Janowice sections and the
strong influence of the carbonate sedimentation may indi-
cate the latter.

Stage 4: late Maastrichtian—Paleocene

The youngest part of the Ropianka Fm in the study area
is represented by the deposits of stage S4. In the southern
area, it starts with the appearance of SB4, which extends
through the Korzenna, Zagorze, and Lichwin sections
(Figs 12, 14). The detailed log of the Zagdrze section con-
tains the best exposed axial fragment of SB4 that marks the
last major progradation of the Ropianka Fm deposition-
al system in the study area (Fig. 12). SB4 shows internal
asymmetry for a distance of ~4 km, with thinning of the
sandstone beds and the entire succession from the Zagorze
section toward the W (Korzenna section) and a compara-
ble thickness and facies composition of the succession to
the E (Lichwin section; Figs 12, 14). Coarse-grained and
thick-bedded sandstones and conglomerates were formed in
the proximal zone of the channel-lobe complex, supplied
from the southern source (Weglowka Ridge), the activi-
ty of which reached its maximum during the formation of
the entire sedimentary succession analysed. These deposits
(~80 m thick) of the channel-fill and channel-lobe transi-
tion zone (FA3) and the lobe-axis (FA4) contain exotic ma-
terial, both as scattered coarse grains in the turbidites and
the deposits of concentrated flows (F1, F2), and as gran-
ules and pebble-sized components of the pebbly mudstone
(F11) and muddy sandstone deposits (F4). SB4 contains
the coarsest-grained material and the highest contribution
of mass-movement deposits in the study area (Fig. 12).
Up the Zagoérze section, deposits become finer and thinner
and represent mostly lobe-off-axis (FAS5) and lobe-fringe
(FA©6) settings, still with the influence of the exotic-bear-
ing mass-transport deposits and the increased occurrence of
the marlstone (Figs 12). The top of the section is formed
again by thick-bedded sandstones of the lobe-axis setting
(FA4; Fig. 21). The very top of the Ropianka Fm is capped
by variegated shales, at least several metres thick, of the
Variegated Shale Fm (Paleocene—Eocene), which crops out
in the Korzenna section, a lateral equivalent of the Zagorze
section (Figs 12, 15). However, the uppermost part of the
Ropianka Fm and its direct transition into the Variegated
Shale Fm is not exposed.

Deposits of stage S4 are also present in the northern area.
In the Dunajec-Dabréwka Szczepanowska area, deposits of
SB4 occur above the marly interval of stage S3, represent-
ing another major phase of progradation and the activity of
the full spectrum of sedimentary sub-environments of the
depositional lobe with a centre of sediment distribution
closer to the Dunajec section (Figs 14, 16). The Dunajec
and Dabréwka Szczepanowska sections are dominated by
stacked deposits of the lobe-axis (FA4), off-axis (FAS) and
lobe-fringe (FA6; Fig. 14). At least locally, sedimentation
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took place below or close to the lysocline depth, which is re-
flected in the appearance of noncalcareous variegated mud-
stone, observed in the Dabrowka Szczepanowska section
(Fig. 8). The palaeotransport direction indicates transport
along the basin axis (directions toward the NE, E and SE).
In the upper part of the Dunajec section, the deposits are
thinner-bedded, with alternations of marlstone (log inter-
val 147-195 m in Fig 14). However, poor exposure leaves
an incomplete picture of this phase. The highest part of the
section is represented by mudstone of uncertain stratigraph-
ic position, ~15 m thick, which is separated from the older
Dunajec deposits in Janowice-Lichwin Syncline by a thrust
(Figs 14, 15). Thick-bedded deposits of SB4 also were ob-
served in the Marginal Antlicline, in the upper parts of the
Szczepanowice, Lubinka, Plesna and Rychwald sections
(Fig. 15). The Variegated Shale Fm is absent in the northern
area, owing to tectonic reduction. Therefore, the sedimenta-
ry succession remains incomplete.

Interpretation: The Zagbrze section records the last major
progradational-retrogradational cycle in the Ropianka Fm
in the study area with the strongest pulse of coarse-grained
sedimentation (FA3, FA4) accompanied by mass-movement
deposits (Fig. 16). Up the Zagorze section, lobe-off-axis
(FA5) and lobe-fringe deposits (FA6), with thinning and fin-
ing trends, mark the final retrogradation of the channel-lobe
complex. In comparison to the previous stages, stage S4 in
the Zagorze section shows more gradual fining and thin-
ning of the retrograding depositional system (Fig. 12). The
presence of relatively widely distributed facies F11 indicates
a much higher slope inclination (>2—4°) than at the north-
ern margin, which lacks widespread slope instability dur-
ing the Campanian—Maastrichtian. This is in agreement
with the abundance of coarse-grained sandstone and con-
glomerate. Reactivation of the southern source indicates
a tectonic pulse that disturbed the local equilibrium profile
in the southern area. This in turn led to deep erosion of the
Wegléwka Ridge and remobilisation of the exotic-bearing
deposits, which are present in the Zagoérze section (Figs 6, 12).
Most of the deposits of facies F1l rest upon the sandstone
of facies F1 and F2, indicating a co-genetic origin for them
(‘linked debrites’ sensu Haughton et al., 2003), i.e., HEBs
(cf. Haughton et al., 2009), but with a significantly differ-
ent composition than this type of bed in the previous stages
Slb, S2 and S3. The northern area experienced similar evo-
lution but without clear signs of mass movements and such
abundance of coarse-grained deposits. The palaeotransport
direction at the Dabrowka Szczepanowska section indicates
the formation of another turbidite complex, supplied from
the W with a fan-shaped pattern of sediment distribution
along the basin axis (Fig. 16).

The occurrence of exotic-bearing coarse-grained depos-
its, considered to be the Makowka Slump Debrites and the
Babica Clay (Kotlarczyk, 1978, 1988a), allowed recogni-
tion of stage S4 deposits as the Leszczyny Mbr, which is
also confirmed by the occurrence of the Variegated Shale
Fm above (Fig. 15). In the study area, the Wola Korzeniecka
Mbr (Fig. 2) is absent or not exposed. The bulk prograda-
tion of the depositional system is widely recorded in the
Ropianka Fm of the entire Polish segment of the Skole Basin,
as an abundant occurrence of mass-movement deposits (cf.



168

Burzewski, 1966; Kotlarczyk, 1978, 1988a; Lapcik et al.,
2016; Lapcik, 2018, 2019). However, in the eastern part of
the basin, they mostly were derived from the northern mar-
gin of the basin. The direct transition from the Ropianka Fm
to younger deposits is not exposed, but the retrogradational
trend in the upper part of the Zagérze section and the thick
mud cap in the Dunajec section most likely reflect the be-
ginning of the transgression that culminated in the deposi-
tion of the Variegated Shale Fm basinwide (Lapcik, 2019).

Sediment sources

Consistent palaeotransport directions of the siliciclastic
material from the W and NW (Fig. 16) indicate a long-last-
ing source, which was active throughout the entire inter-
val studied (cf. Ksigzkiewicz, 1962), with the exception
of stage Slb. Such uniform sediment routing is probably
the result of established submarine canyons or gullies,
which captured siliciclastic input, derived from the shelf-
edge delta or delivered by longshore currents. At the same
time, a carbonate shelf environment dominated the north-
ern and northeast margins of the study area and served as
a source of redeposited carbonate material (Kedzierski and
Leszczynski, 2013). Shallow-marine Late Cretaceous car-
bonate facies are widespread outside the Carpathians in the
area to the north of the study area (e.g., Karnkowski and
Oltuszyk, 1968) and are also present in the local substra-
tum in boreholes, e.g., Wojnicz 2 at depth ~2,500-2,535 m;
Plesna 1 at depth ~2,260-2,490 m; and Tarn6éw 14 at depth
~1,640-2,070 m. During all distinguished stages (S1-4), the
northern area evidenced the highest impact of the carbonate
source, indicating its proximity to the shallower zone of the
basin (Fig. 16). However, the study area shows even more
complex sediment pathways, including a southern source
(Weglowka Ridge) and possibly another siliciclastic source
to the NE, where deposits formed only distal facies associ-
ations in the eastern part of the study area (Rychwatd and
Lichwin sections; Fig. 16). Brief field observations in the
area of Tarnowiec and Zawada (~8 km to the NE of the study
area) confirmed the appearance of coarse-grained sandstone
to conglomeratic deposits in that area. Poor exposure leaves
uncertainty about their stratigraphic position, but their lith-
ologic composition implies an affinity of these rocks to the
Leszczyny Mbr (cf. Marciniec ef al., 2006). Their sedimen-
tological characteristics (predominance of thick-bedded
facies F1) support a possible mid- or upper-fan origin and
perhaps as another channel-lobe complex, supplied from the
northern basin margin. In general, the western part of the
Skole Basin evidenced complex sediment routing and sup-
ply during Campanian—Paleocene times, reflecting suscep-
tibility to sea-level change and tectonic activity (Fig. 16).

The exotic material may occur as a sandy to gravely frac-
tion in most of the sedimentary facies described. It might
represent only a small admixture but also a volumetrically
important part of the deposits, e.g., in facies F11. Exotic ma-
terial is widely distributed in the Ropianka Fm (see Lapcik
et al., 2016, and references therein), but occurs mainly
closer to the northern basin slope. Qualitative observa-
tions of the exotic lithologies shows a smaller proportion
of Mesozoic limestones than in the eastern area, which
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is counterintuitive with respect to the distribution of pre-
Tertiary rocks in the substratum of the Carpathian Foredeep.
There, in an easterly direction, the substratum contains pro-
gressively older Palaeozoic and Precambrian rocks (see
Karnkowski and Ottuszyk, 1968). In the study area, exot-
ic grains were supplied from at least two different sources,
i.e., the northern marginal area and Weglowka Ridge in the
south, which shows that the substratum of each has a similar
geological history.

Basin topography and asymmetry

The study area appears to represent sedimentation in
a relatively narrow part of the Skole Basin and this setting
may have resulted in the partial confinement of gravity
flows, at least during particular stages of the basin evolu-
tion. The confinement of the gravity flows is supported by
strong aggradational trends and the weak compensational
stacking of depositional lobe complexes, and possible flow
reflections or deflections (Fig. 16). The differences between
the sedimentation in the norther and southern areas through
all described stages gives a partial insight into the archi-
tecture of the western part of the Skole Basin (Fig. 16).
On the basis of the distribution of facies associations and
palaeotransport directions, a local depocentre was locat-
ed closer to or within the southern area, where flows were
propagated mostly along the basin axis and parallel to the
basin margins. Notwithstanding, the significant differences
in grain size and the contribution of mass-transport deposits
between the northern and southern areas, especially during
stage S4, clearly indicate a contrast between the local incli-
nations of the northern and southern slopes (Fig. 16). This
characteristic facies distribution in a north-south direction
reveals asymmetry of the basin floor inclination and the po-
tential location of the depocentre, which remained relatively
static throughout the sedimentary history of the Ropianka
Fm. However, in comparison with well-established examples
of asymmetrical confined basins (cf. Tinterri and Tagliaferri,
2015; Tinterri et al., 2016, 2017; Cunha et al., 2017; Tinterri
and Civa, 2021), this local asymmetrical facies distribu-
tion is less pronounced, perhaps owing to the mixed sand-
mud character of the Skole Basin, higher efficiency of the
flows, and the connection with the eastern part of the basin.
The asymmetrical topography may have been inherited af-
ter the rifting stage of the proto-Silesian Basin (cf. Slaczka
et al., 2006; Stomka ef al., 2006) during the formation of
the basin and the development of half-grabens, which was
healed only partially during the preceding stages of the
starved basin (Malata and Poprawa, 2006).

During substage Slb, basin floor topography resulted in
the concentration of siliciclastic sediments in the depocentre
and their propagation to the north was limited, owing to the
low density of the depositing turbidity currents (Fig. 16).
Some of these turbidity currents may have interacted with
the northern basin margin and and were deflected toward
the E, resulting in a variety of palaeotransport directions in
the Szczepanowice section (Figs 13, 16). Possible confine-
ment of the small fan, developed during substage Slb, is
indicated by the abrupt disappearance of SBI to the east.
Another example of the interaction between flow and basin
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topography is in the deposits of stage S3 in the Dunajec sec-
tion. The log contains complex beds with repetitive traction
structures, which indicate changing palaeotransport direc-
tions and hence possible flow reflection and deflection.

During stages S1-4, the sedimentation of noncalcareous
to calcareous mudstone, as well as varied assemblages of
foraminifers and nannoplankton, imply changes in the rela-
tionship between the aggrading seafloor and the local lyso-
cline depth. Sedimentation plausibly occurred on the lower
zones of slope to base-of-slope and therefore a mid-bathyal
depth is expected. The complex distribution of the noncal-
careous and poorly calcareous deposits in the study area is
indicative of the diverse morphology of the sea floor, de-
spite possible changes in relative sea level and the local
lysocline depth. A few horizons of variegated shales are dis-
tinguished as characteristic chronohorizons in the Ropianka
Fm and are important markers for the lithostratigraphic
scheme (Kotlarczyk, 1978). Basin architecture also can be
inferred from the distribution of characteristic facies in par-
ticular drill cores. The Wojnicz 2 borehole, located in the
western part of the study area (Fig. 1), shows a mud-domi-
nated succession with a variegated shales interval at a depth
of 610-680 m. Variegated marlstone is reported from the
well Plesna 1 (depth ~920-925 m). Unfortunately, it is im-
possible to correlate boreholes with outcrops; hence, they
serve only as additional indicators that can be applied to this
jigsaw puzzle of basin architecture. In the outcrops studied,
variegated mudstone was observed within the Ropianka Fm
only in the sections at Dabrowka Szczepanowska and east
of Szczepanowice, which confirms the limited distribution
of this characteristic facies. It cannot be excluded that dis-
tribution of the variegated shales was controlled by the local
seafloor topography, i.e., they were preserved only on local
high elevations.

CONCLUSIONS

This study significantly extends qualitative and quan-
titative sedimentological characteristics of the Ropianka
Fm turbidite system and reveals its sedimentary processes,
sediment routing, architectonic elements and depositional
history in the western part of the Skole Nappe. The depos-
its studied were subdivided into 11 facies, representing a
wide spectrum of depositional processes, including silici-
clastic and carbonate turbidity currents, hybrid flows, tran-
sitional flows, debris flows, and hemipelagic sedimentation.
Particular facies assemblages were grouped into 7 facies
associations, representing various morphodynamic archi-
tectural elements of the turbidite system, from a sediment
bypass zone and channel-fill deposits to distal-lobe-fringe
and interlobe areas, as well as a marlstone-dominated slope
or base-of-slope setting.

Four major stages in the Campanian—Paleocene evo-
lution of the western Skole Basin represent progradation-
al-retrogradational cycles and corresponding shifts from
carbonate- to siliciclastic-dominated sedimentation as a
result of relative sea-level changes and tectonic activity. A
maximum of the turbidite system progradation is recorded
in tens-of-metres-thick sand bodies (SB2—4) at the start of
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stages S2—4. Exceptionally, SB1 was encased in the mid-
dle (S1b) of a marl-dominated succesion during stage SI.
A carbonate-shelf environment dominated the northern and
northeasters margin of the study area and was the source
of redeposited carbonate material, mostly during the final
phase of sea-level rise and mainly during the sea-level high-
stand and early fall. The sedimentary history of the Ropianka
Fm in the study area is as follows: S1) early Campanian
marlstone-dominated sedimentation (western equivalent of
the Kropivnik Fucoid Marl Mbr) in the lower-slope or base-
of-slope settings, which correlates with a relative sea-level
highstand; S2) the late Campanian major progradation of
the turbidite system with siliciclastic sedimentation (Turnica
Flysch Mbr) and major sediment pathways, extending along
the northern basin margin; S3) Maastrichtian sedimentation
with the influence of a carbonate source; and S4) mixed car-
bonate-siliciclastic sedimentation (Leszczyny Mbr), with
exotics-bearing mass-transport deposits (Makowka Slump
Debrites and Babica Clay) and a general decreasing trend of
the marlstone contribution up the sections of stage S4. This
is in agreement with the general lithostratigraphic evolution
of the Ropianka Fm in the eastern part of the Skole Nappe.

On the local scale, the Skole Basin shows multiple fea-
tures (e.g., aggradational stacking patterns of depositional
lobe deposits, the distribution of facies and facies associ-
ations, the position of the local depocentre, a narrow ba-
sin setting), leading to the conclusion that sediment gravity
flows were interacting with seafloor topography or even
were partially confined by local basin slopes and/or tectonic
heights. Furthermore, the distribution of coarse-grained fa-
cies associations and mass-wasting deposits was interpreted
as reflecting asymmetry of the basin floor with a relatively
steep southern slope and a gentle northern slope. This asym-
metry was at least partially controlled by the compressional
tectonic activity of the evolving orogen. The complex lo-
cal basin morphology is in contrast to the eastern part of
the basin in the Stonne and Hucisk Jawornickie area, where
the formation of channel-lobe complexes was controlled
by depositional-lobe compensational stacking and distribu-
tary-channel avuslsion.

Prolonged palaeotransport directions toward the SE, E
and NE are interpreted as being related to submarine can-
yons or gullies, which captured the siliciclastic input, de-
rived from the shelf-edge delta or delivered by longshore
currents. Sediment gravity flows moved along the axis of
the basin and the basin northern and southern margins of
the basin. Tectonic activity was a major trigger for temporal
activation of a southern source (Wegléwka Ridge) during
stages Slb and S4. Varying palaeotransport directions in
deposits bearing exotic components provide the evidence
for similarities in the geological history of the northern and
southern source areas of the Skole Basin, at least in its west-
ern part.
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