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The study focuses on Upper Cretaceous-Paleocene deposits from the Beskid Slgski mountain range in southern Poland
constituting the Istebna Beds. The Istebna Beds, also referred to as the Istebna Formation, are part of the Silesian tectonic
unit, which forms the Outer Carpathian fold-and-thrust belt (part of the Alpine-Carpathian system). The results of qualitative
and quantitative lithological-sedimentological studies were the basis for the interpretation of lithofacies types, sedimentary
processes and palaeoenvironment as well as for the reconstruction of the architecture of the depositional system. The analy-
sis conducted on the basis of field description of the deposits shows the prevalence (nearly 70%) of siliciclastic strata repre-
senting a sandstone-conglomerate association (S-C), which is the main subject of this work. The S-C lithofacies:
sandstones, gravelly sandstones, sandy conglomerates and conglomerates constitute the deposits formed mostly by mass
gravity-flows such as sandy-to-gravelly debris flows. The distribution of the coarse-clastic material indicates a sediment sup-
ply from southerly directions and implies the presence of an active source area in the rear part of the Silesian Basin. A suc-
cession of the sandstone-to-conglomerate deposits with the secondary participation of other lithofacies, with a thickness of
approximately two thousand metres, indicates temporary increased diastrophic activity in the Silesian Ridge (source area)
and the intense denudation of this area. The uplift of the alimentation area and its destruction coinciding with enforced rela-
tive regression and the uncovering of the proximal depositional zone of the basin led to resedimentation of the older
intrabasinal material and repeated mass deposition together with delivery of extraclasts of pre-existing rocks and minerals.
The lithofacies development of the sandstone-to-conglomerate debrites and the related sedimentary palaeotransport direc-
tions suggest an accumulation domain in the form of a linear apron depositional system developed in a deep-water setting.
Experimental modelling of subaqueous sandy flows has contributed to a better understanding of the complex genesis of
deep-water sediment gravity flows developing in depositional systems rich in sand material.
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INTRODUCTION Unrug, 1963, 1968; Elias, 1970; Peszat, 1976; Mencik et al.,
1983; Menc&ik and Tyragek, 1985; Slaczka, 1986; Zytko et al.,
1989; Poprawa et al., 2002, 2004; Strzebonski, 2005; Grzebyk
and Leszczynski, 2006; Picha et al., 2006; Slaczka et al., 2006,

2012; Golonka and Waskowska-Oliwa, 2007; Cieszkowski et

The Istebna Beds (sensu Burtandwna, 1936; Burtanowna
etal., 1937), also referred to as the Istebna Formation (Mencik

etal., 1983; Wojcik et al., 1996; Picha et al., 2006; Golonka and
Waskowska-Oliwa, 2007), constitute one of the informal
lithostratigraphic divisions of the Silesian Unit of the Western
QOuter Carpathians (Figs. 1 and 2). The lithological-sedimento-
logical features, ichnofacies characteristics and stratigraphic
position of the deposits have been studied by a number of au-
thors (e.g., Hohenegger, 1861; Liebus and Uhlig, 1902; Burta-
néwna, 1936; Burtanéwna et al., 1937; Ksigzkiewicz, 1962;
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al., 2009, 2012; Felix et al., 2009; Uchman, 2009; Rajchel and
Uchman, 2012).

The sandstone-to-conglomerate deposits of the sedimen-
tary succession analysed, and also similarly developed
lithofacies in other formations (e.g., the Ciezkowice Sandstone;
Leszczynski, 1981), presumably due to their composite origins
resulting from multifaceted sedimentary processes, were the
subject of different interpretations in terms of both the mecha-
nisms of sedimentary processes and the depositional systems.
The geological nomenclature abounds in single terms attempt-
ing to define the frequently complex nature of these observed
sedimentary bodies. Take for instance: fluxoturbidite (Dzulynski
et al., 1959), atypical turbidite (Stanley and Kelling, 1978),
high-density turbidite (e.g., Lowe, 1982), megaturbidite (Laba-
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Fig. 1. The study area

A - position of the Outer Carpathian belt (yellow) and the Silesian Nappe (grey) relative to part of a contour map of Europe; B —location of the
study area (Beskid Slaski Mts., red rectangle) relative to the Silesian Nappe (grey) in the Western Outer Carpathians; C — outcrop of the
Istebna Formation (without Quaternary formations) in the Beskid Slaski Mts. (after Burtan et al., 1956; Burtan, 1972; Zytko et al., 1989; Lexa

et al., 2000; Cieszkowski et al., 2012; partly modified)

ume et al., 1987), often associated with a conventional subma-
rine fan model (sensu Mutti and Ricci Lucchi, 1972) as their
main depositional system.

The concept, for example, of fluxoturbidites, was originally
coined for the Istebna Beds by Dzulynski et al. (1959), although
the same authors emphasized the role of “sand avalanches” in
the formation of the succession. Unrug (1963), who investi-
gated the succession, even added that “The Istebna beds
(Campanian—Paleocene in the Silesian series) are perhaps the
best example of a formation differing in sedimentary character
from a typical turbidite flysch” and also “The sandstones are
clean and not muddy as in typical turbidites”.

Deep-water depositional environments are not limited to
turbidite systems (mainly formed by turbidity current deposits)
(see Fig. 3B; see also Strzebonski and Stomka, 2007) for which
submarine fans (sensu Mutti and Ricci Lucchi, 1972) are mod-
els commonly used in interpretation. They also include other

depositional systems, where different gravity-driven sedimen-
tary processes play a much greater or dominating role (e.g.,
Shanmugam and Moiola, 1988; Reading and Richards, 1994;
see also Strzebonski, 2009). Sedimentation of deep-water
siliciclastic deposits in slope-apron depositional systems is re-
ferred in the literature as an alternative to deposition in turbidite
systems of submarine fans (see e.g., Reading and Richards,
1994, Stomka, 1995; Strzebonski, 2005).

In the early 1960s, conglomerates and certain types of
sandstones of the Istebna Beds were interpreted by Unrug
(1963) as deposited by subaqueous sand flows moving as sub-
marine slope-avalanches which partially transformed into tur-
bidity currents. Unrug (1963) also defined the depositional sys-
tem of these sandstone and conglomerate deposits as a group
of overlapping and weakly individualised submarine fans form-
ing at the outlets of submarine chutes or canyons and entering
the area of the Subsilesian Series sedimentary basin. However,
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Fig. 2. Scheme of lithostratigraphic units for the Upper Cretaceous—Eocene part of the Silesian
Succession in the Beskid Slaski Mts. (after: Burtanowna et al., 1937; Geroch, 1960; Nescieruk
and Szydto, 2003; Strzebonski, 2005; Wagner, 2008; Cohen et al., 2013; partly changed)

“...slumps developing in the sedimentary apron covering the
steep submarine slopes...” (generated mud flows) were men-
tioned.

The massive sandstones could potentially be formed by dif-
ferent types of deep-water sediment gravity flow under the influ-
ence of various sedimentary processes, but their origins are not

yet well-established. For example, according to Lowe (1982) or
Talling et al. (2012), they may be deposited by high-density tur-
bidity currents (interpreted as deposits similar to Ta division of
the Bouma sequence; Bouma, 1962) and in an en masse fash-
ion by poorly- or non-cohesive liquefied debris flow (high sedi-
ment concentration flow, laminar plug). Yet another origin was
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Fig. 3. Selected lithological-sedimentological features of sa,ndstone-conglomerate debrites (S-C deposits)
from the Istebna Formation in the Beskid Slgski Mts. (except for Fig. 3B)

A — composite series of massive debrite deposits, dominated by gravelly sandstone with lenticular conglomerate intercalations (Mushroom
Rocks in the Stozek Range; see Strzehonski, 2012c); B — regularly bedded, normal-graded and ripple cross-laminated deposits of the SM and
MS lithofacies by comparison with the sandstone-conglomerate debrites from the Istebna Formation (Godula Formation in the Biata Wisetka
River valley; see Strzebonski and Stomka, 2007); C —ungraded gravelly debrite sandstone with quartz granules and fine pebbles “floating” in a
poorly sorted sandy matrix (random fabric; Rocks on the Kobyla; see Strzebonski, 2012d); D — massive debrite conglomerate consisting of
poorly sorted quartz and exotic clasts randomly scattered in a sand-rich matrix (Dorkowa Rock; see Strzebonski, 2012a); E — clast-supported
conglomerate with moderately sorted quartz pebbles, channel lag? (Mushroom Rocks in the Stozek Range; see Strzebonski, 2012c); F —
sloped surface of submarine erosion (beds pinch out) and fragment of channel-fill in the apron sheet (Mushroom Rocks in the Stozek Range;
see Strzebonski, 2012c); G —amalgamation of massive sandy conglomerate beds showing faint amalgamation surfaces emphasized by weath-
ering (Mushroom Rocks in the Stozek Range; see Strzebonski, 2012c) (indicated by arrows); H — a fragment of a small channel; visibly sloping
erosion surface below the hammer and gravelly fill in the axial part of the chute (north-west rise of the Stozek Range)
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offered by Shanmugam et al. (1985) supported by laboratory
research and detailed field observation (see also Shanmugam,
2012). Shanmugam et al. (1985) interpreted massive sand-
stone deposits (see e.g., Fig. 3C) as deposited by sandy debris
flows in connection with slope depositional models (see also
Stow and Johansson, 2000; Purvis et al., 2002; Duranti and
Hurst, 2004).

Sandstone debrites and other deposits associated with grav-
ity-driven processes (e.g., sandy- and muddy slides/slumps or
muddy debris flows) have been recognized in numerous connate
deep-water depositional systems (Shanmugam, 2006, 2012).
There are also numerous documented examples of the domina-
tion of mass sedimentation type siliciclastics (i.e., slides, slumps
and debris flow deposits) in modern subaqueous sedimentary
environments (e.g., Gardner et al., 1996, 2000; Elverhoi et al.,
1997; Shanmugam, 1997; Klaucke et al., 2004; Tripsanas et al.,
2004). As it transpires, however, the composite nature of the de-
posits of deep-water gravity-driven processes and possible
transformations of their types (see e.g., Unrug, 1963; Fisher,
1983; Shanmugam, 2006; Felix et al., 2009; Mulder, 2011), ter-
minology and genesis still trigger much debate among experts
(see e.g., the discussion between Shanmugam, 2010 and Multti
et al., 2010; see also Mulder, 2011; Talling et al., 2012; Shan-
mugam, 2012).

The aim of this paper is to provide a qualitative and quanti-
tative description of the Istebna Formation deposits from the
Beskid Slaski Mountains, characterize the sediment gravity-
driven processes and their sediments, interpret the genesis of
selected lithofacies (specifically the sandstone-conglomerate
association — S-C) and reconstruct their sedimentary environ-
ment and the development of their depositional system.

This work is dedicated to the memory of the outstanding
Polish geologist and sedimentologist Rafat Unrug, professor at
the Jagiellonian University (see Slaczka et al., 2001).

DATABASE, METHODOLOGY
AND BASIC CONCEPTS

The present case study is based on the investigation of over
3800 metres of true vertical bed thickness in total exposed in
brooks, rivers, quarries and natural rocky forms (tors) (Fig. 1).

The interpretation of the types of lithofacies, processes of
transportation and deposition of sediments and their properties
(e.g., fluid rheology, flow state and sediment-support mecha-
nism), sedimentary environment and depositional system, and
palaeogeography was conducted mainly on the basis of results
of sedimentological facies analysis (e.g., Reading, 1986;
Shanmugam, 2006, 2012; Mulder, 2011; Talling et al., 2012).
This analysis consisted mostly of field observations and de-
scription of exposures (lithological-sedimentological logging of
outcrops). Next, attempts were made to establish the relations
between the following: lithology, lateral and vertical spread of
deposits, spatial distribution of clastic bodies, lithosome geom-
etry, succession of deposits (organised sequences or chaotic
units), sedimentary structures (types of depositional intervals),
directions of sediment palaeotransport (type of alimentation,
i.e., point, multipoint or linear — Reading and Richards, 1994).
Finally, the elements interpreted were compared with their an-
cient and modern “equivalents”.

The abbreviations of lithofacies applied correspond with the
first letters of lithological terms in English, for instance, CS —
sandy conglomerate (see e.g., Ghibaudo, 1992; Stomka, 1995;
Strzebonski, 2005). Due to the scarcity of directional sedimen-

tary structures in sandstone-to-conglomerate debrites, the di-
rections of sedimentary palaeotransportation were defined on
the basis of the imbrication of clasts, flame structures, the ar-
rangement of long clast axes or the direction of wash-outs and
erosional channels (chutes) axes. The orientation of strata was
measured for each palaeocurrent direction measurement. Re-
search was archived using traditional methods (notebook, pho-
tography) as well as slightly modified forms, for example a
sedimentological log sheet for description of exposures (Kotlar-
czyk et al., 1997; see also Shanmugam, 2006). The grade and
class terminology of grain size was used after \Wentworth
(1922), roundness after Powers (1953), and bed thickness after
Campbell (1967).

The term deep-water sedimentary environment is applied in
reference to the sea palaeoenvironment of slope, rise and basin
plain as opposed to a shallow-marine sedimentary environment
connected with the shelf (see e.g., Shanmugam, 2006; Mulder,
2011).

In this paper the term flysch is used to denote a thick (vary-
ing from hundreds to thousands of metres) outer-Carpathian
successions containing siliciclastic deposits, formed by sedi-
mentary gravity-driven processes in a deep-water setting.

The term deep-water submarine slide is used to delineate a
gravity-driven process, a type of translational mass movement.
Slide deposit takes the form of a coherent unit without internal
deformation. Downslope mass transport occurs along a shear
zone with a basal planar glide plane (see Shanmugam, 2006).

A deep-water submarine slump is a gravity-driven process,
a type of rotational mass wasting. Slump deposit tends to be
structured in a coherent, partly lithified, plastically flexible sedi-
ment mass with internal deformation (folds, deformation lobes),
where original bedding can be partially destroyed. Downslope
mass transport takes place along a shear zone with a basal
concave-up glide plane (see Shanmugam, 2006).

Deep-water sandy-to-gravelly debris flows (sandy-, sandy
gravelly-, gravelly sandy- and gravelly debris flows) are one of
the gravity-driven sedimentary processes representing down-
slope mass flows as an aggregate of free particles (incoherent
grain elements), composing a grain-water mixture (predomi-
nantly sand and gravel, i.e., cohesionless debris).

The physical properties of the sandy-to-gravelly debris flows
are as follows:

— rheology — non-Newtonian, quasi-plastic (hydro-plastic)

mechanical behaviour;

— flow state — quasi-laminar (i.e., non-turbulent);

— dominant sediment-support mechanisms — sandy grain
fabric strength (in sandy- and sandy-gravelly debris
flows), sandy matrix strength (in gravelly-sandy- and
gravelly debris flows with sand-rich matrix), buoyancy
(buoyant lift), dispersive pressure (predominant inter-
granular movements — collisions) or upward flow though
often a mix of these;

— sediment concentration — high (25-95% by volume);

— mud content — almost none, low to medium (i.e., from <1
to 25 vol.%; poorly cohesive muddy matrix randomly
scattered in an essentially non-cohesive sandy-gravelly
aggregate);

— deposition —mainly en masse by frictional freezing (rela-
tively abruptly), less often incrementally (hindered set-
tling).

Deposits of the sandy-to-gravelly debris flows are moder-
ately- to poorly sorted sandstone-to-conglomerate debrites, id
est, sandstone- (Figs. 3H and 4A), gravelly sandstone- (Figs.
3C and 4B), sandy conglomerate- (Figs. 3G and 4D) and con-
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Fig. 4. Selected lithological-sedimentological features characteristic of the sandstone-conglomerate debrites
(S-C deposits) from the Istebna Formation, Beskid Slaski Mts.

A —four, partly amalgamated, moderate to moderately good sorted layers of massive sandstone debrite (Stozek Range);
B — gravelly debrite sandstone, whitish feldspar grains visible among quartz grains (Mushroom Rocks at the Réwne; see
Strzebonski, 2012b); C — “ammonite” structure (pieces from Bystra River); geological hammer for scale is 13" (33 cm); D —
sandy debrite conglomerate (sandy matrix-supported conglomerate), quartz gravel pebbles “floating” in very poorly sorted
sand-rich matrix (Bystra River); E — a series of thinly- to medium-bedded sandstone debrites without mudstone intercala-
tions (Rocks on the Kobyla; see Strzebonski, 2012d); F — a series of thick- to very thick beds, irregularly bedded sand-
stone-conglomerate debrites without mudstone intercalations (Rocks on the Kobyla; see Strzebonski, 2012d); geological
hammer (in black circle) for scale; G — interbed surface with lenticular accumulation of mudstone clasts and quartz pebbles
(Dorkowa Rock; see Strzebonski, 2012a); H — quartz gravel armoured mudstone balls (Dorkowa Rock; see Strzebonski,
2012a)
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glomerate debrites (Fig. 3D, E). The deposits are mostly mas-
sive (e.g., Fig. 3C-E), but also may show inverse-, and/or in-
verse to normal size-grading (i.e., pensymmetric depositional
structure) and with common amalgamation of beds (Fig. 3F, G),
as well as other features mentioned in the summary of this
work. The geometry of the debrite deposits takes the form of
tongue-like, lenticular, medium to very thick bodies (Figs. 3A, F
and 4E, F), which underwent coalescence and formed “amal-
gamated” in large-scale high-relief apron sheets (siliciclastic
covers). The debrites generally form chaotic (without deposi-
tional sequences) and composite sedimentary series and/or
may locally constitute channel (chute) fillings (Fig. 3F, H) and
lobe-like bodies at the outlets of these channels (compiled after
Reading and Richards, 1994; Shanmugam, 2000, 2006; Gani,
2004; Mulder, 2011 and the author’s observations).

A deep-water turbidity current is a fluid-sediment-gravity
flow process without flow strength (only low-density water-sedi-
ment slurry). The physical properties of the turbidity current:

— rheology — Newtonian (fluidal), viscous mechanical be-

havior;

— flow state — turbulent;

— principal particle-support mechanism — water-supported

particles in fully turbulent suspension (fluid turbulence);

— sediment concentration — 1-23 vol.% (i.e., only low-den-

sity flow);

— mud content — 13.5-34.5 vol.%;

— deposition — progressive suspension settling (aggra-

dation grain-by-grain).

Deposits of turbidity currents are turbidites (sandstone-
and/or mudstone turbidites). The sedimentary structures of the
deposits comprise single, simple layers, i.e., not composite, not
lenticular but laterally continuous with a relatively constant but
small thickness (generally thin to medium; Fig. 3B), clearly
marked erosive base and frequently occurring flute casts, only
a single normal size-grading (single waning depositional event)
and (e.g., generally only normal graded Ta member of the
Bouma sequence, Bouma, 1962), very fine to medium grain-
size sandstone beds, usually interbedded with mudstones
(gradational lower contact; Fig. 3B), without “floating” or rafted
mudstone clasts and planar- and/or random clast fabric of
quartz gravels (Fig. 4D), as well as without outsized clasts (in-
side and at the top), also without armoured mudstone clasts
and armoured mudstone balls (Fig. 4G, H). The geometry of the
deposits involves bedding regularly and relatively continuous
over long distances, low-relief basin plain sheets, radial fan
lobes, lobe fringes and/or fan fringes, frequently negative se-
quences (compiled after Kuenen, 1957; Sullwold, 1961,
Bouma, 1962; Dott, 1963; Sanders, 1965; Mutti and Ricci
Lucchi, 1972; Middleton and Hampton, 1973; Reading and
Richards, 1994; Sanders and Friedman, 1997; Shanmugam,
2000, 2006, 2012; Gani, 2004; Mulder, 2011 and own observa-
tions).

For the purpose of field descriptions, two basic bed types
were distinguished: a single bed (in a slightly different sense
than the simple beds of Leszczynski, 1989) and a complex bed
(sensu Unrug, 1963, essentially similar to the composite beds
of Leszczynski, 1989). Single beds and complex beds form
depositional series.

The term single bed is applied to denote a distinct layer of a
sedimentary deposit occurring as an individualised (individual)
body in the lithofacies succession, bounded at the base and top
by obvious bedding planes (visible sedimentary bed bound-
aries or erosional surfaces), displaying simple composition in
terms of textural features and sedimentary structures and with-

out any internal discontinuities (erosion surfaces), possibly indi-
cating their monogenesis (single sedimentary event and/or sin-
gle depositional process).

The term complex bed is applied in reference to an individ-
ual sedimentary body consisting of at least two often amalgam-
ated single beds, comprising internal discontinuities, bounded
at the bottom and top by obvious sedimentary bed boundaries
or erosional surfaces, possibly suggesting a composite origin
(single event and multifaceted sedimentary processes or sepa-
rate sedimentary events and single- and/or multi-sedimentary
processes).

AN OUTLINE OF THE GEOLOGICAL SETTING
AND PREVIOUS STUDIES

The name Istebner-Sandstein was introduced by Hohe-
negger (1861) to define light-coloured conglomerates and
dark-coloured mudstones with “exotics”, occurring in the Beskid
Slaski Mts. to the south of the Barania Géra Mountain (Fig. 1).
The suggested lithostratigraphic unit, dated as Cenomanian, at
the time represented the approximate equivalent only of the Up-
per Istebna Beds of the Silesian Succession in their modern un-
derstanding (sensu Burtanowna, 1936; Burtandwna et al.,
1937; Figs. 1 and 2), but also partly comprised deposits cur-
rently not included in the Silesian Nappe (cf., Hohenegger,
1861; Burtan et al., 1956; Burtan, 1972). Continued lithostrati-
graphical research in the Western Beskidy Mountains resulted
in the expansion of the range of the Istebna Beds and their divi-
sion into two parts (Liebus and Uhlig, 1902). Uhlig (in Liebus
and Uhlig, 1902) considered Hohenegger’s Istebner-Sandstein
to be the upper part of the newly defined lithostratigraphic unit of
the Istebna Beds and included the upper part of Hohenegger's
Godula-Sandstein as bottom unit of this newly defined forma-
tion, and specified the age as Cenomanian—Turonian. Subse-
quent subdivision of the Istebna Beds in the stratotype section
of the Beskid Slaski Mts. was made by Burtanoéwna (1936). She
proposed adopting Uhlig’'s lower level of the Istebna Beds as
the Lower Istebna Beds, and calling them the Lower Istebna
Sandstones (due to the prevalence of sandstone), while Uhlig's
upper part of the Istebna Beds would be termed the Upper
Istebna Beds. She also subdivided the Upper Istebna Beds into
three parts (according to the prevalent lithological characteris-
tics). The lowest part of the Upper Istebna Beds (mostly mud-
stone) was called the Lower Istebna Shales, the middle section
(mostly sandstone-conglomerate) was the Upper Istebna
Sandstones, and the uppermost part (mostly composed of
mudstone shales including beds with clayey sphaerosiderites)
was the Upper Istebna Shales (Burtanéwna, 1936; see also
Burtanéwna et al., 1937; Burtan, 1973; see Fig. 2).

The Istebna Formation deposits are found in the Beskid
Slaski Mts. and mainly in the southern part of the Silesian
Nappe (Fig. 1B; e.g., Burtan et al., 1956; Burtan, 1972). In the
tectonic structure of this part of the nappe one may distinguish
two parts which differ in their lithofacies development and geo-
logical setting (Unrug, 1969). The lower part —the Cieszyn Sub-
unit (sub-nappe) is composed of the relatively flexible, tectoni-
cally susceptible, very intensely folded Cieszyn Beds deposits
(Ksigzkiewicz, 1972; Vendryné Formation and Cieszyn Lime-
stone Formation sensu Golonka et al., 2008), whereas the up-
per part — the Godula Subunit (sub-nappe) is composed of thick
(1500—-2000 m) and structurally rigid sandstone-mudstone and
conglomeratic flysch succession of the Godula Beds
(Burtanéwna et al., 1937; Stomka, 1995; Godula Formation
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sensu Mencik, 1983; Wojcik et al., 1996; Picha et al., 2006;
Golonka and Waskowska-Oliwa, 2007) and also predominantly
sandstone-conglomerate- (total up to 1650 m) and secondarily
mudstone flysch succession of the Istebna Beds (total up to
450 m; Figs. 1 and 2; see Unrug, 1963; Ksigzkiewicz, 1972;
Zytko et al., 1989; Paul et al., 1996). In the Carpathians, the
Istebna Formation reaches its greatest thickness (up to 2100
m) and full development, reflected in the aforementioned four
parts (see Fig. 2) in the Beskid Slaski Mts. (Fig. 1; Burtanéwna
et al., 1937; Burtan, 1973; Unrug, 1963; Strzebonski, 2005).

At the boundary between the Istebna Formation and the un-
derlying Godula Formation, transitional deposits occur with
lithological and structural features typical of both formations.
However, these deposits are classed as the highest part of the
Upper Godula Beds (Burtanowna et al., 1937; Burtan, 1973).
Above the Istebna Formation, there is the “Submenilite Paleo-
gene” flysch (Leszczynski, 1981; Roznov Formation sensu
Picha et al., 2006). It develops as lenticular lithosomes of sand-
stone-conglomerate deposits interbedded with variegated
shales — the Ciezkowice Sandstone (Burtanoéwna et al., 1937;
Leszczynski, 1981; the Ciezkowice Formation sensu Wojcik et
al., 1996) and the Hieroglyphic Beds (Burtanowna et al., 1937;
Hieroglyphic Formation, cf., Wojcik et al., 1996) with intercala-
tions of variegated shales (Fig. 2).

One of the characteristic features of the Istebna Formation
deposits are clasts of pre-existing rocks: igneous, metamorphic
and sedimentary. Such clasts were defined by Hohenegger
(1861) as exotics. Exotic clasts can constitute components of
both gravelly mudstone and sandstone-to-conglomerate de-
posits (see Strzebonski, 2005). To date, research on exotics
from the Istebna Beds has been conducted mainly with regard
to their mineralogical and petrographic composition, the origin
of their source areas (e.g., Ksigzkiewicz, 1953, 1962; Unrug,
1963, 1968; Unrug, 1969; Peszat, 1976; Peszat and Wieser,
1999), micropalaeontological microfacies and palaeoenviron-
mental character (e.g., Burtan et al., 1984), and isotope geo-
chronology (e.g., Poprawa et al., 2004).

The age of the Istebna Formation in the Beskid Slaski Mts.
has been determined as Campanian—Paleocene (Fig. 2; e.g.,
Geroch, 1960; see also Nescieruk and Szydto, 2003; Wagner,
2008), mainly on the basis of micropalaeontological and rare
macrofossil investigations.

LITHOFACIES

For the purpose of describing the Istebna Formation of the
Beskid Slaski Mts., several basic sedimentary lithofacies types
have been distinguished (see: Ghibaudo, 1992; Stomka, 1995;
Strzebonski, 2005):

— conglomerate (C) — volumetric prevalence of grain com-
ponents coarser than 2 mm (i.e., gravel framework), fre-
quently medium-grained (4-32 mm; Fig. 3D, E);

— sandy conglomerate (CS) — poorly sorted, ungraded,
sandy matrix-supported (Figs. 3G and 4D);

— gravelly sandstone (SG) — sandstone with dispersed
components of the psephitic fraction, frequently massive
(Figs. 3C and 4B);

— sandstone (S) — different sublithofacies, frequently
coarse-grained (0.5-1.0 mm) and massive (Figs. 3H
and 4A);

— mudstone (M) — frequently massive or thinly parallel-
laminated (different sublithofacies);

— sandstone-mudstone couplet (SM) — a couplet of depos-
its where the sandstone bed is thicker than the superim-
posed mudstone, the sandstone showing sharp base,
normal size grading and/or lamination (most frequently

as small-scale ripple cross-lamination) in the upper part
and mudstone showing gradational lower contact (Fig.
3B, upper part of the photograph);

— mudstone-sandstone couplet (MS) — M>S, similar ele-
ments as in SM only in different proportions (Fig. 3B, the
lowest part of the photo);

— gravelly mudstone (MG) (sensu pebbly mudstone;
Dzutynski and Radomski, 1955; Crowell, 1957) —
mudstone containing randomly scattered granules, peb-
bles, cobbles, boulders, locally with a higher concentra-
tion of gravelly components in the basal part of the bed
or outsized clasts at the top (see Strzebonski, 2005).

This study focuses primarily on the deposits distinguished

as lithofacies S, SG, CS and C, which are collectively referred to
as the sandstone-conglomerate lithofacies association — S-C
(see Figs. 3A, C—H, 4A, B, D—H, 5 and 6). Deposits of the S-C
mostly occur in the succession of the Lower Istebna Sand-
stones (ca. 80% thickness, with over 70% of lithofacies S+SG;
Fig. 2) and the Upper Istebna Beds, almost entirely composed
of the S-C deposits (Fig. 2). The proportion of selected
lithofacies is shown in the table below (Table 1).

LITHOLOGICAL AND SEDIMENTOLOGICAL
CHARACTERISTICS OF THE
SANDSTONE-TO-CONGLOMERATE DEPOSITS

The deposits of the sandstone-conglomerate lithofacies as-
sociation (S-C) consist mainly of quartz grains and an admix-
ture of feldspars (Fig. 4B). The sandstones frequently exhibit
moderate or moderately good sorting (Figs. 3H and 4A) and
rounded grains. Non-kaolinised feldspar grains may be partly
angular (Fig. 4B). The SG, CS and C lithofacies include sub-
rounded to rounded grains and are usually poorly sorted (Figs.
3D, E and 4D). A light colour is typical of all deposits of the S-C.
The deposits reveal yellowish, beige and rusty shades on
weathered surfaces (Figs. 3E and 4B), which results from the
presence of iron compounds in the detrital, clay and sericite ma-
trix (Unrug, 1968). On fresh surfaces, the S-C deposits are
bright grey and bluish. The deposits usually show a massive
structure (no grading or lamination) (Figs. 3C, D, 5 and 6). In the
case of C, CS and SG lithofacies, scattered quartz granules
and pebbles mostly “float” in the sandy matrix (Figs. 3C, D and
4D). There are also gravelly lenses (Fig. 3A) and gravelly fillings
of “pockets” (Figs. 5 and 6). Locally gravel forms distinct,
plane-parallel laminated horizons. A concentrated accumula-
tion of larger components may occur in the basal part of beds
(Figs. 5 and 6). Pensymmetric grading and inverse grain-size
distribution are also observed (Figs. 5 and 6) but normal grad-
ing occurs less frequently. Bed surfaces are usually uneven,
“undulating” and commonly sharp-edged (Figs. 4E, F, 5 and 6).
What is characteristic of the S-C deposits is a general lack of
trend changes (ordered sequences — positive and/or negative)
in the succession of beds (Figs. 4F, 5 and 6). Directional, sys-
tematic changes involving a decrease in grain-size and/or thick-
ness in subsequent beds can occur in the form of single or mul-
tiple concave fills, channel-like bottom forms (Figs. 5 and 6).
Sometimes a decrease in grain-size with a concurrent increase
in the thickness of subsequent beds is also observed. Mud-
stone clasts, usually randomly scattered within the bed, occur in
the S-C deposits. Mudstone clasts less often assemble in cer-
tain layers within the bed, forming a kind of stratification or con-
centration on the bed surface. Mudstone clasts in places take
the form of quartz-granule- and pebble-armoured mudstone
balls (with an elliptical cross-section) up to 60 centimetres in
longer axis (Fig. 4H). Parallel alignment of long clast axes, re-
sembling current lineation, was also noted. Dewatering struc-
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Fig. 5. Schematic lithological-sedimentological logs showing examples of development representative
of sandstone-to-conglomerate debrites (S-C deposits) from the Istebna Formation in the Beskid Slaski Mts.

1 — Rocks on the Kobyla section (see Strzebonski, 2012d); 2 — Dorkowa Rock section (see Strzebonski, 2012a);
for location see Figures 1 and 2
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Fig. 6. Schematic lithological-sedimentological logs showing example of typical

sandstone-conglomerate debrites (S-C deposits) from the Beskid Slaski Mts.

3 — Roztoczny River section (Wista-Czarne); 4 — Bystry River section (Bystre);

for location see Figures 1 and 2; explanations as in Figure 5
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Table 1

The proportion of principal lithofacies in the total thickness of the sections
of the Istebna Formation studied

) ) Thickness | Frequency | Thickness range | Average thickness

Lithofacies [%] [%] [cm] [cm]
IS 41.6 51.6 2+750 22
sG 17.0 9.6 3+ 560 49
CcS 5.7 3.5 4+ 480 45
c 2.0 0.8 5+ 425 63
[Z] S, SG, CS, C (S-C) 66.3 65.6 - -
M 9.1 3.2 5+ 1900 78
MS 7.8 15.7 1+150 14
SM 35 14.1 1+162 7
MG 12.3 1.0 30 + 2450 333

tures, usually in the form of dish structures, appear in some
beds of massive sandstone. The characteristic particulate ele-
ments of the S-C deposits are locally occurring exotic clasts of
igneous, metamorphic and sedimentary rocks. These clasts
can constitute predominant elements of the sediment frame-
work, e.g., in exotic conglomerates (Fig. 3D) or oversized
clasts, some exceeding several tens of centimetres, occurring
in the top parts of certain beds. Exotic clasts are mainly repre-
sented by gneiss and crystalline slate, less often granitoid. Ex-
otic lithoclasts of sedimentary rocks occur sporadically. When
they do, dark cherts predominate and limestones are the ex-
ception (Strzebonski, 2005).

The occurrence of a sedimentary structure whose forms
may resemble the shape of some Ammonoidea fossils (Fig. 4C)
is also connected with massive S-C deposits. These
ammonite-like structures are composed of almost identical ma-
terial as the environment in which they occur, i.e., sandy or
sandy-gravelly siliciclastic material, which is why it is very diffi-
cult to notice them. The diameter of the ammonite-shaped
forms ranges from several to almost 30 centimetres. An impor-
tant feature of this structure is a more or less developed spiral
clockwise or counter-clockwise shape (right or left ammonite
structure). Some forms also have a well-developed straight
end-segment (Fig. 4C).

EXPERIMENTAL MODELLING OF UNDERWATER
SANDY FLOWS

Experimental modelling was conducted in order to get a
better understanding of the nature and behaviour of subaque-
ous sand flows. The modelling study was conducted on the ba-
sis of an approximate and simplified physical model of a sub-
aqueous sand slope at the angle of repose. The model was an
artificial basin with the size of 7 x 7 x 2 m formed on a sandy sea
shore. The modelling study consisted in attempts to recapture
the nature of transportation, potential transformations and de-
position connected with sand flows. Moderately sorted sili-
ciclastic sea shore sand was used in the experiment. The
amount of clastic material used in the modelling ranged from
one to several kilograms. The experiment consisted in repeat-
ing movements of sand, which was mechanically pushed down
from the edge of the basin. After artificially forced initiation of
non-cohesive granular mass movement, further flow of the

clastic material on a slip slope (avalanche slope) occurred in a
natural manner. The modelling study was demonstrative and
descriptive and it was conducted without specialist instruments.

As the initial sample weight increased the sand flow grew
longer in duration, but it did not exceed 10 seconds. During the
natural flow down the slope, the clastic material took the form of
an elongated tongue. The central part of a narrow tongue was
more mobile whereas its thinner edges were clearly breaking,
especially in the second phase of the movement (after the initial
acceleration period). Distance with increased mass was also
extended by up to approximately one metre. During the flow, a
compact aggregate of non-cohesive particles of the sandy
tongue partly moved and activated the material in the immedi-
ate vicinity of the tongue, and partly incorporated it in the flow.
After the initial acceleration, the sand movement was rapidly
slowed down and then suddenly stopped, which resulted in the
formation of a tongue relief with a sharp head clearly outlined at
the bottom. Each time the sand flow mass was frozen a short
(lasting approximately one second) and small (approximately
one centimetre in size) “cloud” of turbulent suspension ap-
peared in the end section. The sand elevated in this way partly
fell within the area of the flow end and it was partly thrown (“de-
tached”) and embedded slightly lower in sediments not associ-
ated with the flow. After deposition of the clastic material, cur-
rent activity of clear water stirred by the flow was still visible.
This current radially travelled along the bottom of the reservoir
moving and dragging particles of shell and plant detritus. Move-
ment of clear surrounding water also occurred earlier on the
sides of the sandy tongue which was moving downslope in a
compact manner. This could be observed as a result of the tem-
porary elevation of plant detritus from the bottom and along the
sides of the flow in the initial acceleration phase.

SEDIMENTATION

Siliciclastic sandy-to-gravelly sediments may be associ-
ated with a deep-water environment, stretching between the
shelf edge and basin plain (see Shanmugam, 2006; Mulder,
2011). In the proximal slope area, slide, slump or avalanche
mass movements may be frequently activated, chaotically
(from different places and at different times) but linearly, along
the edge of a shelf-margin overburdened with clastic material.
Mass wasting could be largely generated by driven shelf-mar-
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gin deltas (Porebski and Steel, 2006) that reach the shelf edge
or, in more a general sense, from the fronts of advancing
shelf-embankments (sandy- and/or sandy-gravelly migrating
mounds) into deep-water settings. Coherent slides during
downslope motion may undergo fragmentation and relocation
in rigid packages, preserving the form of “rigid” plugs among
other, undisturbed deposits, but they usually transform into
slumps with plastic deformations. A slumping mass which un-
dergoes further fragmentation tends to undergo frontal
liquidization (sensu Allen, 1984), and is thus diluted and accel-
erated during the downslope movement (see Wojewoda,
2008). As aresult, the sliding or slumping mass, depending on
the composition of its constituent material, most often evolvs
into different types of homogeneous debris flows (cohesive or
non-cohesive types) or grain flows. Clastic material may be
quickly deposited by frictional freezing in the case of a non-co-
hesive granular mass. In the case of sediments rich in mud,
their redeposited mass, particularly in muddy flows or muddy
debris flows, may be hindered by cohesive strength or, due to
dilution, incrementally transformed into turbidity current to
varying degrees during further movement (see Unrug, 1963;
Fisher, 1983; Shanmugam, 2006, 2012; Felix et al., 2009;
Haughton et al., 2009; Mulder, 2011; Talling et al., 2012).
Such a course of sedimentation may partly overlap with trac-
tion transport and by tractional deposition influenced or sub-
stantially affected by passing of bottom currents or turbidity
currents. Moreover, hemipelagic sedimentation from suspen-
sion can also occur, which may ultimately lead to the formation
of polygenetic complex (composite) beds (i.e., multiple and
multifaceted depositional processes; e.g., Figs. 3G, 4F, 5 and
6). Local accumulations of mud during breaks in sandy-grav-
elly deposition (resedimentation) may frequently be the cause
and at the same time the site of the slip/slide in the superim-
posed series, and thus contribute to the release of mass wast-
ing and gravity flows. Sandy-gravelly debris flows generated
this way become enriched in mud matrix and mudstone clasts.
Due to the admixture of mud to the sandy-gravelly flows, at the
right dilution and with dewatering and elutriation turbidity cur-
rents may be generated above debris flows. Sandy-gravelly
bodies deposited on the distal part of a slope and at its base
can be considerably elongated and linguoid with lenticular ge-
ometry in cross-section. Sometimes, after greater mass
redeposition, more extensive debris sheets also formed. Indi-
vidual detrital lithosomes underwent lateral and vertical co-
alescence and formed an apron covers built the apron depo-
sitional system (e.g., Reading and Richards, 1994; Strze-
bonski, 2009). Secondary elements of the apron architecture
are the fillings of erosional wash-outs and of ephemeral
chutes (e.g., Fig. 3F, H). The single (isolated) or multi-storey
(superimposed) chutes were in the form of small erosional
channels, which were unstable (vertically and laterally position
change), and quickly filled up (cf., Janocko et al., 2013).
Small-scale pseudo-lobe bodies sometimes formed at their
outlets. Such sandy-gravelly bodies may have fan-like geome-
try, revealing a possibly thickening upwards pattern (negative
sequences) but with a massive bed structure and without
mudstone interbeds.

PALAEOTRANSPORT DIRECTIONS

The generalised pattern of palaeotransport directions of
clastic material in particular lithostratigraphic divisions of the
Flysch Carpathians was described in Ksigzkiewicz (1962) and
Slaczka (1986). It was shown that palaeotransport in the west-

ern part of the Silesian Basin during sedimentation of the
Istebna Formation (Late Cretaceous to Paleocene) was from
the SW and W. These directions were interpreted to indicate
sediment supply from the Silesian Cordillera situated to the
south of the Silesian Basin, and a general inclination of the lon-
ger axis of the Silesian Basin to the east. These studies also
proposed that palaeotransport from the NW was constrained by
the topography of the basin bottom.

Transport directions of the clastic material were determined
by the use of the following: scour-and-fill structures (axes of
small erosional-depositional channels, chutes and wash-outs),
flow lineation, thrust imbrication and cross-bedding — primarily
in S-C deposits. Directional sole structures in small-scale (flute
casts and tool marks), cross-laminations — mainly for MS and
SM lithofacies — were also used. Directional structures ob-
served in the sandstone-to-conglomerate debrites indicate
palaeotransport (without corrections for the tectonic evolution of
the Carpathian orogen, e.g., Rauch, 2013) from the S, SSW
and SW to the N, NNE and NE (see Figs. 5 and 6), which sup-
ports the existence of a source area in the form of the Silesian
Ridge (islands of the Silesian Ridge) providing clastic material
to the southern facial zone of the western part of the Silesian
Basin.

In other deposits, e.g., thin-bedded, fine-grained ripple-
marked sandstones, other directions are observed — from W to
E or even from NW to SE. The directions from the NW may be
particularly connected with the limitation of the lateral spread of
gravity flows (in the semi-graben of the Silesian Basin) by the
Sub-Silesian elevation zone (a rebound effect) (see Ksigz-
kiewicz, 1962; Unrug, 1963, 1968; Slaczka, 1986; Matysz-
kiewicz and Stomka, 1994; Slaczka et al., 2006). The direction
from the W (parallel or at a slight angle to the long basin axis)
may also represent contour currents (see Unrug, 1980).

DISCUSSION

Experimental observations of sandy flows may suggest that
normally graded and thin-bedded (from several to over ten
centimetres) sandstone depositional intervals, locally occurring
in the tops of some thickly- and very thickly bedded massive de-
posits of sandstone-conglomerate lithofacies association (S-C),
could originate from a short-term turbulent suspension (water
and sand). This turbulent suspension may be induced on the
top surface of a sandy-to-gravelly mass flow the moment it rap-
idly stopped. Such intervals with normally graded bedding may
be genetically associated with the underlying deposits (the re-
sult of a single sedimentary event) or they may cover deposits
accumulated earlier with which they have no genetic connection
(separate events). The second case of settling the normally
graded sand on the top surface of deposits of a previous flow is
associated with the “detachment” of a turbulent suspension and
exceeding the range (head) of the mass flow from which it
emerged. However, due to subaqueous erosion commonly
linked with sandy-to-gravelly flows, intervals of turbulent sus-
pension (sandy turbidite) which may primarily occur are not usu-
ally preserved in section and their material was incorporated in
the subsequent flow as fragments of layers or as single grains.
So as aresult of the lack of a rock record of potential turbulence
intervals in most cases, it is difficult to state whether or not the
transformation and initiation of turbulence from a sandy-
to-gravelly flow occurred each time. In the case of a preserved
turbidite it is often difficult to determine (typically due to amal-
gamation) whether it is a syngenetic or epigenetic turbidite in re-
lation to the lower bed (the same sedimentary event and trans-
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formation or separate events). Moreover, since the sandy tur-
bulence episode would have been very short (poor muddy ma-
trix) and it would have occurred above the sandy or sandy-grav-
elly and not the mudstone bottom, turbulence would not have
developed typical flute casts and those which emerged would
have had only a small chance to be consolidated in the incoher-
ent sandy-gravely material. Moreover, the small-scale post-
depositional traction transport (observed during the experimen-
tal modelling), occurring as a result of clear water secondary
currents generated by the flow head shock wave, was also
likely to occur during these processes in the natural environ-
ment. Different lamination types could have formed as a result
of sediment reworking conducted by tractional bottom currents
in relation to their flow regime. This process may suggest that
laminated sandstones associated with the S-C deposits origi-
nated as a result of tractional activity not associated with typical
long-term muddy-sandy turbidity currents.

According to Talling et al. (2012), massive clean sandstone
can potentially be created by different types of subaqueous
sediment density flows, i.e., both turbidity currents and debris
flows, although they stress that such sandstones are difficult to
distinguish and their origins are as yet not well-established. The
first way they are created is through deposition by a high-den-
sity turbidity current forming a clean turbidite sandstone (pro-
gressive deposition incrementally in a layer-by-layer pattern, a
traction carpet, damped turbulence at concentrations even of
10-35 vol.% and strongly hindered settling; similar to the Ta in-
terval of the Bouma sequence, Bouma, 1962; see also Lowe,
1982). The second option (with a similar meaning considered
by Lowe, 1982) is the deposition of massive clean sandstone in
an en masse style by a poorly-cohesive liquefied debris flow
(high sediment concentration flow). Similar but non-cohesive
type liquefied debris flows (laminar plugs) are also responsible
for en masse deposition (settling through abrupt freezing) of
predominantly ungraded clean debrite sandstones with a swirly
texture (swirly fabric). Such a patchy texture, related to post-
depositional partial liquefaction (static settling during in situ con-
solidation) and soft sediment contortion (deformed patches of
different grain sizes forming patchy grading), may be the best
diagnostic feature of sandstone debrites elsewhere. Further-
more, randomly scattered clasts are regarded as the main fea-
tures of some debrites, whereas clasts constituting distinct hori-
zons are a distinctive feature of some high-density turbidites
(according to Talling et al., 2012).

Field observations show that many of the individualized
clastic bodies in the Istebna Formation, formed by deposits of
the S-C, only seemingly represent sediments of single deposi-
tional events (e.g., Figs. 3A, F, 5 and 6). In fact, such units are
amalgamated (complex beds) and show features indicative of
deposition by several separate events. Furthermore, the occur-
rence of different depositional intervals within one bed (complex
bed) may suggest transformations and/or conversions from
one type of gravity-driven process into another but with different
physical properties (multifaceted processes) (e.g., Unrug,
1963; Middleton and Hampton, 1973; Shanmugam, 2006,
2012; Wojewoda, 2008; Felix et al., 2009; Mulder, 2011; Talling
et al., 2012) or amalgamated deposits of separate sedimentary
events and/or a mix of these.

An intuitive attempt to combine and use one term defining a
complex bed, for instance, a fluxoturbidite (e.g., Dzulynski et al.,
1959; Leszczynski, 1989) or relating it to a sedimentary series
of deposits of a different origin (i.e., interbedded debrites and
true turbidites), e.g., a fluxoturbidite sequence (Unrug, 1963) or

hybrid sediment gravity flow deposit (hybrid event deposit,
Haughton et al., 2009) could be justified under certain condi-
tions. For example, if the complex deposit was the result of a
single sedimentary event during which there was the activity of
various gravity-driven processes (possible transformations;
e.g., from a sandy-gravelly debris flow to a turbidity current),
one might call such a unit a fluxoturbidite (in a general and de-
scriptive sense). From this point of view, a fluxoturbidite may be
considered a complex deposit comprised both of sandstone-
conglomerate debrite and turbidite (debrite-turbidite couple).
However, in a number of cases we can observe a thick series of
complex beds or single beds exclusively composed of massive
sandstone-to-conglomerate deposits (sandy-to-gravelly debris
flow deposits). If this is the case, expressions such as sand-
stone-, sandstone-conglomerate debrite and sandstone- or
sandstone-conglomerate debrite series seem to be more suit-
able than the term fluxoturbidite, because of the absence of any
kind of turbidites (sensu Sanders, 1965; see also Hsu, 2004).

The overlapping of different contemporaneous depositional
processes associated with separate sedimentary events or
their subsequent occurrence at relatively short time intervals is
also possible. This is clearly visible in sedimentary bodies com-
posed of amalgamated deposits of different lithofacies. In the
case of thick bodies composed of one type of relatively homo-
geneous lithofacies and the lack of clear amalgamation sur-
faces, it is difficult to distinguish separate depositional intervals
(see Figs. 3A, F, G, 5 and 6). This complicates the full interpre-
tation of their sedimentary origin. Such a discrete genesis can
be the cause of incorrect interpretations both at the level of sedi-
mentary structures (e.g., two amalgamated beds of massive
coarse- and fine-grained sandstone could be interpreted as one
bed of normally graded sandstone) and regarding the type of
sedimentation processes, respectively. In addition, some frac-
ture surfaces (e.qg., oblique joints) in tectonically disturbed mas-
sive deposits, can be mistakenly interpreted as sedimentary
surfaces (bedding planes).

Normally graded sandstone deposits usually fine- (less of-
ten medium-) to very fine-grained, preferably thin- to very thin-
bedded which have a sharp erosional base typically with flute
casts (in cases where they overlap mudstone deposits) repre-
sent turbidites, corresponding to the Ta division of the Bouma
sequence (see, e.g., Fig. 3B).

Ripple cross-laminated sandstones, as interpreted for in-
stance by Bouma (1962), can result from incremental settling of
particles from a turbidity current (Tc member of the Bouma se-
quence; e.g., Mulder et al., 2008; Mulder, 2011) or from bedload
reworking in the lower flow regime (e.g., Talling et al., 2012).
However, ripple cross-laminated sandstones, as well as their
flat-parallel and wavy-laminated counterparts, can also be inter-
preted as bedforms widely influenced or substantially affected by
bottom currents of various origins (in a broad sense, Rebesco et
al., 2008). These structures are subject to significant force, for in-
stance, by tractional currents (e.g., Allen, 1984; Martin-Chivelet
etal., 2008; Shanmugam, 2008, 2012). They can also be formed
by tractional bottom currents of “clear” water generated by the
passage of a turbulent suspension over bottom sediments (see
Unrug, 1977, 1980). Some such distinctly laminated deposits are
also considered to be deposits of contour currents (i.e., a special
case of bottom currents), traditionally called contourites (e.g.,
Unrug, 1980; Hsi, 2008; Hineke and Stow, 2008; Martin-
Chivelet et al., 2008; Shanmugam, 2008, 2012).

The occurrence of oversized exotic clasts in the top parts of
sandstone-to-conglomerate debrites demonstrates the quasi-
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plastic behaviour and pseudo-laminar flow state of the sandy-
to-gravelly debris flows (flow strength and buoyant lift). Apart
from this, it indicates the erosion of older sediments in the up-
lifted and emergent area of the basin which once again became
part of the source area (see Matyszkiewicz and Stomka, 1994).
Reworking of older deposits resulted in the possibility of a sec-
ondary occurrence of exotics in the newly developed sedi-
ments. In the case of crystalline exotic rocks, it may also sug-
gest the erosion of parent rocks in the source area (see e.g.,
Unrug, 1968). Intensified sandy-gravelly deposition/redepo-
sition in the Silesian Basin in the Late Cretaceous (Campa-
nian—Maastrichtian) period, recorded with a sedimentation rate
exceeding the estimated hundred metres per million years
(e.g., Lower Istebna Sandstone deposits; see Fig. 1), could ex-
ceed the rate of basin subsidence and lead to a considerable
shallowing of the proximal part of the basin slope.

Increased mass sedimentation in the Silesian Basin during
the Late Cretaceous and Paleocene was significantly influ-
enced by intense denudation of the elevated source area — the
Silesian cordillera (see also Ksiazkiewicz, 1962; Unrug, 1963,
1968; Slqczka, 1986; Stomka, 1995; Poprawa et al., 2002,
2004; Golonka et al., 2008). The uplift of the source area was
connected with processes of tectonic reconstruction in their
surroundings (e.g., Pescatore and Slaczka, 1984; Oszczypko,
1999; Nemcok et al., 2001; Olszewska and Wieczorek, 2001;
Poprawa et al., 2002; Golonka, 2004; Cieszkowski et al., 2012;
Slaczka et al., 2012; Rauch, 2013). During decreased dia-
strophic movements, the peneplanated source area did not
provide coarse-clastic terrigenous material (regolith in a genetic
sense) to the basin and even the process of eustatic regression
would not be able to deliver a considerable amount of sand and
gravel from an “empty” shelf. But with the strongly eroded
source area (during intense diastrophic activity) even an eusta-
tic transgression would not constrain mass redeposition from
the overburdened, clastic shelf. Therefore the eustatic factor,
even though ancillary or limiting the development of coarse-
clastic mass sedimentation/resedimentation to a deep-water
setting, does not seem to be of primary importance.

Sediment gravity-driven processes such as sandy-to-grav-
elly debris flows have the capacity to transport even outsized
clasts (projecting clasts at the tops of some sandstone-con-
glomerate debrites). An impediment to the long-term and long-
distance lateral spread of the en masse transported material is
its grain size composition and frequently of a low content of
muddy matrix (i.e., from <1 to 25 vol.%; Unrug, 1963; Shan-
mugam, 2006), which causes relatively quick deposition
through frictional freezing. Increase in transport distance may
occur as a result of frontal liquidization of the slump and accel-
eration of the movement of the liquidized mass (see \Wojewoda,
2008). The consequence is flow deconcentration caused by as-
similation of ambient fluids, aquaplaning and intergranular flow
upwards. In such cases, what may occur is not only the evolving
of slides/slumps into debris flows but also transformations di-
rectly into turbidity currents or of debris flows into turbidity cur-
rents (see Unrug, 1963; Fisher, 1983; Shanmugam, 2006; Felix
et al., 2009; Mulder, 2011). Preservation of submarine sandy-
gravelly slumps as synsedimentary folds, ruptured to different
degrees, among other non-deformed deposits, is usually lim-
ited. Typically, slumps are not “frozen” but evolve into sandy-
gravelly debris flows, in which almost complete decoherence
and homogenizing of the transported non-cohesive granular
mass is observed. A low mud matrix content in “clean” sandy-

gravelly debris flows can be explained, e.g., by elutriation, i.e.,
the washing away of clay and silt-sized particles during flow
transformation into a turbidity current (see Fisher, 1983).

Dish structures and other dewatering structures may indicate
aquaplaning (hydroplaning; see Shanmugam, 2006), e.g., during
the relatively rapid movement of sandy debris flow on a relatively
steep slope (near the angle of repose) or may represent the
post-depositional consolidation phase (in situ) of “fresh” sedi-
ment (e.g., Talling, 2012). Such a flow is less permeable to water
in comparison with, e.g., sandy-gravelly debris flows.

Due to different sedimentary processes acting in sandy-
to-gravelly debris flows, depositional intervals with different sed-
imentary structures in sandstone-to-conglomerate debrites can
be observed (e.g., dish structures, massive structure, inverse-
and/or inverse-to-normal grading).

Small-scale lobe-like sediment bodies with negative se-
guences of beds (showing a thickening upwards pattern) lack-
ing mudstone interbeds, formed by sandy-gravelly debris flows
at the mouth of small, ephemeral channels, cannot be com-
pared with large-scale lobes constituting deep-sea fan systems.

The MG lithofacies (gravelly mudstone, Fig. 2) can be inter-
preted as muddy debris flow deposits (e.g., Shanmugam, 2006)
or can also be referred to as olistostrome deposits (containing
olistoliths, chaotically scattered in the muddy-sandy matrix; see
e.g., Flores, 1959; Abbate et al., 1970; Jankowski, 2007,
Cieszkowski et al., 2009, 2012; Slaczka et al,, 2012).

A different lithofacies category is represented by syn-
sedimentarily deformed/disturbed deposits (SDD; see e.g.,
Ghibaudo, 1992; Stomka, 1995; Strzebonski, 2005). This ge-
netic lithofacies consists of varied rock types involved in com-
mon deformation structures (different degrees of folding,
crumpling and ripping) observed at the scale of field expo-
sures between undisturbed deposits. The SDD units range in
thickness from 1 to 7 m and the mean thickness is ~3 m. The
SSD lithofacies constitute 0.9% of the Istebna Formation.

The greatest thickness of the S-C deposits in the Istebna
Formation recorded in the Beskid Slaski Mts., indicates that ex-
actly this area represented the basin depocentre during their
accumulation. The depocentre was linked with the greatest up-
lift of one of the Silesian Ridge fragments. That fragment (seg-
ment), which was the Silesian island block was responsible for
the greatest supply to the Silesian Basin.

Ammonite-shaped (at times resembling some Ammono-
idea fossils) vortical sedimentary structure (Fig. 4C) observed in
S-C deposits may have formed as a result of secondary swirls
of “clear” water which occur during mass and highly energetic
sandy-gravelly debris flows. This kind of structure may be
formed especially during turbulence generated at the sides of
tongues of such flows. Their distinct clockwise or counter-clock-
wise spiral structure (right or left ammonite structure) may cor-
respond with the back-turbulence which may occur on the left
and on the right side of the elongated masses moving down the
slope. The spiral shape may result from the vortical water
movement that sucks in and twists detrital material, presumably
in a similar way to the vortexes formed by the paddles of a row-
ing boat. A straight end-segment preserved in some spiral
forms may indicate the final turbulence direction prior to the de-
position as the sediment transportation capacity decreases.
Since this direction is close to the overall palaeotransport direc-
tion in sandy-gravelly debris flows, it may be considered an azi-
muth directional feature.
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SUMMARY

The types of sediment gravity-driven flows and their related
sedimentary processes, triggering mechanisms, methods of
transport and deposition of clastic material, possible transfor-
mations and conversions, which result in rock features, mostly
depend on the following: initial weight, released energy, seabed
topography and velocity conditions; grain-size distribution and
sorting; shape, rounding of grainsand their specific weight, as
well as the concentration of particles in the sediment-water
mixture (variable flow density).

Even though the conditions used in the subaqueous sand
flow experimental modelling were approximate and the size of
physical model was insubstantial, it was possible to obtain repli-
cas very similar to the original. The experimental sand flows,
small-scale as they were, imitated the course of natural pro-
cesses in a relatively representative manner. Observation of re-
produced sand flows undoubtedly revealed their properties to
some extent, which enabled a better grasp of the complex na-
ture and behaviour of such gravity flows in natural systems.
Hence, the results of the sand flows modelling study to some
extent gave the possibility to experimentally constrain certain
assumptions and to draw more general conclusions used at the
interpretation stage of this work.

According to Bouma (1962), distinctly laminated deposits
(e.g., ripple cross-laminated, flat-parallel and wavy-laminated
sandstones) can result from turbidity currents (Tb, Tc and Td
vertical divisions of the Bouma sequence; see also, e.g.,
Mulder et al., 2008; Mulder, 2011). Talling et al. (2012) in turn
suggested that cross-lamination can be formed by bedload re-
working, while Unrug (1977, 1980), Allen (1984), Hsu (2008),
Hineke and Stow (2008), Martin-Chivelet et al. (2008) and
Shanmugam (2008, 2012) also indicated the possibility of form-
ing such laminated structures by the action of traction bottom
currents. In addition, various types of laminated sediments with
a combination of traction structures can be commonly formed in
deep-water environments under the influence of “clear” water
bottom currents (e.g., Unrug, 1977, 1980; Allen, 1984; Martin-
Chivelet et al., 2008; Shanmugam, 2008, 2012).

For example, cross-lamination of distinct ripple bedforms
may represent reworking (erosion, then transport, sorting and
finally accumulation) of pre-existing sediments of seabed sur-
faces both during and after their deposition (bottom-current
tractional activity). Thin layers of laminated sandstones, in par-
ticular ripple cross-laminated, accompanied by thick-bedded
and massive deposits of sandstone-conglomerate lithofacies
association (S-C), can be interpreted as bottom-current-re-
worked deposits (bottom current tractionites). Even if these
laminae are only partially preserved they may also be indicative
of intermissions between sandy-to-gravelly debris flows.

In sections dominated by siliciclastic deposits of the sand-
stone-conglomerate lithofacies association (sandstone-to-con-
glomerate deep-water debrites) one can observe typical fea-
tures which can be interpreted in the following manner (mainly
after, e.g., Unrug, 1963; Allen, 1984; Shanmugam, 2006 and by
the author’s observations):

— massive structure (no size-grading or lamination) when
occurring in matrix-supported and poorly sorted deposits: depo-
sition by non-cohesive sandy- or sandy gravelly- or gravelly
sandy- or gravelly debris flows (non-Newtonian laminar flows
with a flow strength and mass deposition due to flow frictional
freezing), deposits forming elongated, high relief slope-apron
sheets (apron covers); or in the cases of clast-supported and

well-sorted deposits: sedimentation by grain flows (gravelly- or
sandy flows dominated by collisions between individual parti-
cles) tend to be more narrow tongues, deposits as clast-sup-
ported conglomerates (with a poor sandy matrix) or well-sorted
sandstones (clean, without muddy matrix);

— vertical, sudden changes in grain size, with the lack of a
clear bounding surface: amalgamation of beds deposited by
separate sandy-to-gravelly debris flows or change (sudden
drops) in flow velocity;

— randomly scattered quartz gravel supported by a sandy
matrix: deposition by sandy gravelly- and gravelly sandy debris
flows with significant flow strength;

— “floating” mudstone clasts (random- and/or planar clast
fabric): deposition by sandy- or sandy gravelly- or gravelly
sandy debris flows (flow strength and buoyancy);

— rafted mudstone clasts near the top of bed: deposition by
sandy- or sandy gravelly- or gravelly sandy debris flows (flow
strength and buoyant lift);

— outsized clasts near the top of the bed: deposition by
sandy- or sandy gravelly- or gravelly sandy debris flows (flow
strength and buoyant lift);

— inverse-to-normal grading: deposition by sandy gravelly-
or gravelly sandy debris flows (flow strength, laminar state, hin-
dered settling) and/or change in flow velocity and/or transforma-
tion of debris flow into turbidity currents and/or gravity sieving
(dropping of smaller grains between greater clasts);

— lenticular layers (in cross-section) with sharp lower and
upper contacts: sandy- or sandy gravelly- or gravelly sandy de-
bris flows (flow strength, laminar state, depositional freezing);

— single layer of gravel grains at the top surface of bed: lag
deposits (washing of previous coarse-grained sediments, de-
position from traction bedload);

—armoured mudstone clasts and armoured mudstone balls
at the top of the bed: deposition by sandy- or sandy gravelly- or
gravelly sandy debris flows (flow strength and buoyancy, fric-
tional freezing);

— erosional pockets (different scales) with massive or nor-
mally graded fills: deposition by sandy- or sandy gravelly- or
gravelly sandy debris flows (freezing or hindered settling); fills of
wash-outs or small erosional-depositional channels (chutes). In
the case of a “clean” clast-supported conglomerates at the base
of scour-and-fill structures: possible channel lag (rewashed de-
posit, smaller particles washed out);

— contorted/disturbed sandstone beds between undisturbed
units, the original bedding is largely destroyed (different de-
grees of folding, crumpling and ripping), synsedimentarily de-
formed deposits: deposition by slumping;

— flat-parallel-, wavy- and/or ripple-lamination: deposition by
tractional settling beneath the passing of turbidity currents and
also as a result of sediment reworking under the influence of
clean-water bottom-currents; deposits: tractionites (especially
bottom-current reworked tractionites) and uniquely contourites
(if they are products of contour currents);

— continuous lateral changes in grain-size: the result of
changes in the distribution of the flow speed (greater in the cen-
tre and smaller on the periphery);

— lateral discontinuity in grain-size and of beds: erosional or
depositional pinch out of beds;

— cross-bedding on a large-scale: filling or overlying minor ir-
regularities in the seabed depositional surface (depressions or
elevations) by bottom currents (tractional settling), may also be
associated with large-scale bedforms (large-scale ripples,
sandy waves);
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— dish structure: result from both syn- or post-depositional
(in situ) sand liquidization (liquefaction and/or fluidization) and
hydroplaning in sandy debris flows, due to ascending pore fluid
(water-ascent structure).

— only simple (single) normal grading in sandstone and/or
mudstone beds (for details see the glossary and discussion):
deposition by waning turbidity current (Newtonian flow without
strength), incremental, gradual settling (aggradational contin-
uum) from a fully turbulent suspension; deposits: sandstone-
and mudstone turbidites.

A deep-water individual sedimentary event may contain ei-
ther one only kind of gravity-driven process (essentially) or sev-
eral different ones (multiple and/or multifaceted sedimentary
processes) linked during evolution (i.e., from initiation, through
the transportation phase and possible transformations and/or
conversions from one process type to another and to the
depositional phase with final consolidation). In the case of a
composite origin of such an event, the geological record may be
more or less precisely reflected in the preserved composite de-
posit (complex bed). Such a deep-water single sedimentary
event (pulse) comprising at least two different but interrelated
sediment gravity driven flows, for example, a sandy-gravelly de-
bris flow (plastic rheology and laminar behaviour) and a turbidity
current (fluidal rheology and turbulent behaviour) is also re-
ferred to as a hybrid flow (hybrid sediment gravity flow; Hau-
ghton et al., 2009) or a hybrid event of subagueous sediment
density flow (Talling et al., 2012). An individual sedimentary
body (unit of a single event) containing both sandstone-to-con-
glomerate debrite and turbidite is also referred to as a hybrid
event bed (hybrid sediment gravity flow deposit, Haughton et
al., 2009) or “linked turbidite-debrite bed” (Talling et al., 2012).

The sedimentary boundaries (bedding planes) of beds de-
posited by single sandy-to-gravelly debris flows in deep-water
settings are usually obscure. Their obscurity frequently results
from widespread erosion and the common amalgamation of
beds of a similar mineralogical and granulometric composition.
What favours single layer recognition is weathering (e.g., Fig.
3G), which often highlights the irregular profile of pinching out
layers and also an abrupt change in grain-size.

The following elements observed in the Istebna Formation
deposits indicate that the basic depositional system of the S-C
deposits was linearly supplied a deep-water slope apron with
mass sedimentation of a chaotic type (see the models of apron
systems rich in sand and gravelly material; Reading and Rich-
ards, 1994, see also Strzebonski, 2009): there is a dominant
lack of organised changes in the grain-size distribution or thick-
ness of subsequent layers in the profiles (Figs. 5 and 6); a lack
of typically developed depositional lobes and their outer zones
(lobe fringes and fan fringes; see e.g., Mutti and Ricci Lucchi,
1972); a linear mode of delivery of the detrital material (as op-
posed to “punctual” with a radial distribution); a tongue-like
shape of elongated lithosomes with lenticular cross-section ge-
ometry, underwent lateral and vertical coalescence and forming
high relief sheets (clastic covers); a domination by sandstone-
conglomerate siliciclastic debrites (Figs. 4E, F, 5 and 6) with a
scarcity of directional current structures (especially e.g., flute
casts); the occurrence of mudstone debrites and synsedimen-
tary deformed deposits (see Strzebonski, 2005).

“Ordered” series of clastic deposits (e.g., “positive” depo-
sitional sequences) of a relatively small thickness (limited to

several metres) and showing a decreasing bed thickness and
grain size upwards were observed in the succession. There
were also cases of single coarse-clastic fills (conglomerate or
sandy conglomerate) of clearly erosional pockets (scour and fill
structures) in places graded normally. These structures indicate
the occurrence of wash-outs and ephemeral chutes (small
channels) in the apron sheets (Figs. 3F, H, 5 and 6).

To a great extent mass movements may be generated at
the fronts of driven shelf-margin deltas (Porebski and Steel,
2006) or, in a more general sense, from progradational shelf-
embankment systems (sandy- and/or sandy-gravelly advanc-
ing mounds) exceeding the shelf edge.

The accurate interpretation of the deep-water siliciclastic
depositional system is also of key importance in oil exploration
(Shanmugam, 2006). Considering future exploration, it is cru-
cial to define:

— whether research is conducted within the apron sheet
(slope-apron depositional system, sensu Reading and
Richards, 1994),

— or within depositional lobes (fan system of basin floor;
sensu Mutti and Ricci Lucchi, 1972).

In the first case (with an assumed model rich in sand and
gravelly material), tongue-like bodies undergo coalescence,
composed of S-C deposits often form units with a substantial
thickness (up to several tens of metres) without mudstone
interbeds (Figs. 5 and 6) and thus make good, inter-communi-
cated reservoirs. However, the correlation of such sections
even over distances of several tens of metres may be difficult or
even impossible. This results from the elongated tongue-like
patterns of distribution of sandy-gravelly debris flows and the
pinching out of their bodies. Moreover the occurrence of lensoid
channel-filling bodies (Figs. 5 and 6) and/or muddy debris flow
deposits (sometimes of the olistostrome type; see Strzebonski,
2005, 2009) and/or local turbidites or mudstones of different ori-
gin can cause additional problems with correlation, and more
importantly, contribute to the occurrence of unwanted perme-
ability barriers. If the second interpretation model is chosen, it is
necessary to consider the radial fan lobes of submarine fans
which consist of normally graded sandstone turbidites inter-
bedded with mudstones, frequently forming negative sequen-
ces many metres thick with beds well-correlatable over long dis-
tances.

In order to differentiate their origin from other types of sand-
stones and conglomerates, the S-C deposits commonly occur-
ring in the succession (Figs. 5 and 6) without interbedding of
other types of deposits, especially without lithofacies M, MS and
SM (see Fig. 3B), can be also referred to as an association of
sandstone-conglomerate debrites (D-S-C), generally under-
stood as linked deposits formed from sandy-to-gravelly debris
flows. Whereas deposits of a single type of lithofacies/depo-
sitional interval can be termed as follows:

— sandstone debrite — in the case of sandstone (usually

poorly sorted and massive) interpreted as a sandy de-
bris flow deposit (see Shanmugam, 2006);

— gravelly sandstone debrite —in the case of gravelly sand-
stone considered to be sandy gravelly debris flow de-
posit;

— sandy conglomerate debrite — sandy conglomerate in-
terpreted as a gravelly sandy debris flow deposit;
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— conglomerate debrite — conglomerate especially un-
graded with the participation of a poorly sorted sandy ma-
trix considered to be gravelly debris flow deposits.

In the case of “clean” conglomerate with a clast-supported
fabric and very poor matrix, one observes the grain flow type.
Because such grain flows typically occur as grain avalanching
(i.e., gravelly avalanches) on steep slopes, where the angle of
repose is most likely exceeded (Unrug, 1963; Stow et al.,
1996), their avalanche units at different scales can be called
conglomerate avalanchite. Meanwhile, “clean” and well-sorted
sandstone, which can be recognized as grain flow deposit
(sandy “avalanche” deposit), can be termed sandstone
avalanchite. Yet another origin of the “clean” conglomerate can
be suggested for the deposit which constitutes the lowest part
of the channel-fill. It is possible that such accumulation results
from “washing” typical of a river channel lag and can be consid-
ered as a type of channel lag deposit. On the other hand, a sin-
gle thin accumulation of tightly packed gravel grains spread lat-
erally on the top surface of a sandstone-to-conglomerate bed is
considered to be a lag deposit (pavement in general terms) and
may indicate a sedimentary boundary between beds of consec-
utive mass flow pulses. Gravelly mudstone typical of deep-wa-
ter slope-apron settings is sometimes seen to occur randomly
in a succession between sandstone-conglomerate debrites

(Fig. 2). Such deposits can be interpreted as muddy debris flow
deposits accumulated by sudden freezing of a cohesive flow of
a muddy-sandy mixture with dispersed debris of gravel in its
various widely understood forms (granules, pebbles, cobbles
and boulders; see Strzeboriski, 2005). This deposit can be de-
fined generally as a mudstone debrite (DMG).

The results of the analyses of the palaeotransport direc-
tions of sandy-gravelly as well as muddy-sandy-gravelly detri-
tal material, including the exotic clasts, point to the one of
blocks of the Silesian Ridge as the source area of the deposits
studied (see also Ksigzkiewicz, 1962; Unrug, 1963, 1968;
Slaczka, 1986; Stomka, 1995; Poprawa et al., 2002, 2004;
Golonka et al., 2008).
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