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ABSTRACT:

Łapcik, P. 2019. Facies anatomy of a progradational submarine channelized lobe complex: semi-quantitative 
analysis of the Ropianka Formation (Campanian–Paleocene) in Hucisko Jawornickie section, Skole Nappe, 
Polish Carpathians. Acta Geologica Polonica, 69 (1), 111–141. Warszawa.

This study is a detailed lithofacies analysis of the Wiar and Leszczyny members of the deep-marine Ropianka 
Formation (Campanian–Paleocene) exposed in the Hucisko Jawornickie section of the Skole Nappe, Polish 
Carpathian Flysch. The sedimentary succession (>400 m thick) represents a channelized lobe complex that 
prograded at the base of submarine slope. Seven sedimentary facies are recognized as a record of the principal 
modes of sediment deposition. Based on their stratigraphic grouping and grain-size trends, six facies asso-
ciations are distinguished as representing specific sub-environments of the depositional system: distributary 
channels, channel-mouth lobes, channel levees, crevasses and interlobe basin plain with crevasse splays. The 
individual facies associations are characterized statistically and their internal facies organization is analysed by 
the method of embedded Markov chains to reveal the time pattern of depositional processes. The environmental 
changes indicated by the vertical succession of facies associations are attributed to the autogenic processes of 
the distributary channel shifting within an aggrading lobe area and the lateral switching of depositional lobes. 
Eustatic influences are likely, but difficult to ascertain with poor biostratigraphic data. The bulk basinward 
advance of the base-of-slope system was probably due to a pulse of the tectonic narrowing of the synclinal 
Skole Basin.

Key words: Deep-marine turbidites;  Deposit ional lobes;  Submarine channels;  Dynamic strati-
graphy; Facies analysis;  Markov-chain analysis.

INTRODUCTION

Worldwide studies of submarine channel–lobe 
complexes in base-of-slope settings have shown that 
these sedimentary systems vary enormously in their 
dimensions, lithofacies assemblages and stratigraphic 
architecture (e.g., Heller and Dickinson 1985; Nelson 
et al. 1991; Shanmugam and Moiola 1991; Pickering 
et al. 1995; Galloway 1998; Bouma 2000; Wynn et 

al. 2002; Gardner et al. 2003; Prélat et al. 2009, 2010; 
Brunt et al. 2013; Bayliss and Pickering 2015a, b; 
Łapcik 2017; Nemec et al. 2018). Inconsistent meth-
ods of sedimentological description render case 
studies difficult to compare, and the classification of 
these systems into some distinctive categories with 
predictive facies models remains a formidable task. 
Generalized non-specific models are superficial, 
short of informative detail (e.g., Stow and Mayall 
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Text-fig. 1. Location of the study area; A – Geological map of the Skole Nappe (compiled from Gucik et al. 1980; Jurkiewicz and Woiński 
1981; Woiński 1994; and Nescieruk et al. 1995). Note the location of present study area and outcrop sections studied by Łapcik (2017, 2018); 

B – Location of the Hucisko Jawornickie section and small other outcrops of the Ropianka Formation in the study area
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2000; Posamentier and Walker 2006), and are of little 
use as a guide for exploration and reservoir charac-
terization. What is needed is a more consistent and 
preferably quantitative methodology for the descrip-
tion and synthetic comparison of field cases.

The present case study from the Polish Carpathian 
Flysch follows the descriptive approach of Łapcik 
(2017) and uses a semi-quantitative methodology of 
facies analysis and sedimentological characteriza-
tion of submarine system, similar as originally pos-
tulated by Miall (1973, 1978) for alluvial systems. 
The subject of this study is the Ropianka Formation 
(Turonian–Paleocene) of the Skole Nappe, a poorly 
investigated lithostratigraphic unit up to 1.6 km thick 
composed of deep-marine sediment gravity-flow de-
posits. The formation is poorly exposed, with good 
outcrops limited to river cut-bank sections and rare 
isolated quarries. Previous sedimentological studies 
have documented a non-channelized depositional 
lobe complex in the river San cut-bank section near 
Słonne (Łapcik 2017) and a large feeder paleochan-
nel in the Manasterz Quarry section (Łapcik 2018) 
(Text-fig. 1A). The present study from the Hucisko 
Jawornickie outcrop section (Text-fig. 1A) contrib-
utes to an understanding of this formation’s palaeo-
environmental jigsaw puzzle by documenting a 
channelized lobe complex that apparently prograded 
over the non-channelized distal part of an earlier 
one at the base of the Skole Basin’s northern slope. 
The sedimentary succession exposed in the Hucisko 
Jawornickie section is more than 400 m thick and its 
sedimentological study proceeded in the following 
main methodological steps:

(i) A detailed bed-by-bed logging of the strati-
graphic succession and distinction of its component 
sedimentary facies as the record of particular deposi-
tional processes.

(ii) Analysis of the stratigraphic grouping of sed-
imentary facies and recognition of their associations 
as the record of specific sub-environments of the 
submarine depositional system.

(iii) Quantitative statistical characterization of the 
individual facies associations in terms of their main 
descriptive features.

(iv) Analysis of the vertical organization of sedi-
mentary facies (depositional processes) within their 
individual associations by the stochastic method of 
Markov chains.

(v) Analysis of the vertical succession of facies 
associations (sub-environments) as the record of the 
depositional system’s bulk behaviour.

This case study contributes to a better under-
standing of the Ropianka Formation, while giving a 

detailed insight into the facies anatomy and sedimen-
tation dynamics of a submarine base-of-slope sys-
tem. The logging and distinction of facies are based 
on objective sedimentological criteria, and similarly 
objective and verifiable are the analytical results of 
quantitative methods, which jointly provides a reli-
able and highly informative methodological basis for 
comparative characterization of such ancient deposi-
tional systems. Last, but not least, the study demon-
strates that – with appropriate methods – a wealth 
of valuable sedimentological information can be de-
rived even from poor and isolated outcrops.

GEOLOGICAL SETTING

The Ropianka Formation of Turonian–Paleocene 
age is one of the major lithostratigraphic units of the 
Skole Nappe (Text-fig. 1A), subdivided into four mem-
bers (Text-fig. 2; Kotlarczyk 1978). The deep-marine 
Skole Basin formed in the Early Cretaceous as the 
most external of the Carpathian flysch basins (Gucik 
1963; Kotlarczyk 1988). After more than 100 Ma of 
variable deep-water sediment accumulation (Text-fig. 
2), the basin was inverted by tectonic contraction and 
thrust – as the Skole Nappe – onto the Carpathian 
Foredeep in the early Miocene (Kotlarczyk 1988; 
Gągała et al. 2012; Ślączka et al. 2012; Kováč et al. 
2016). The deposition of the Ropianka Formation was 
preceded by deposition of black and variegated shales 
(Cenomanian–Turonian), which accumulated below 
the local CCD in conditions changing from dysoxic 
with periodic anoxia to well-oxygenated (Gucik 1963; 
Bąk 2007; Bąk et al. 2014 and references therein). 
Similar correlative deposits are known from all the 
basins of the Polish Outer Carpathians. Tectonic ac-
tivity and increased sand supply in the Skole Basin 
then caused depositions of the flysch of Ropianka 
Formation (Malata and Poprawa 2006; flysch defini-
tion sensu Dżułyński and Smith 1964). This flysch 
succession, up to 1.6 km thick, was deposited at a 
bathyal depth range around the local CCD (Uchman 
et al. 2006). The corresponding transport direc-
tions, measured in the present-day Skole Nappe, are 
mainly form the NE, N and NW (Książkiewicz 1962; 
Bromowicz 1974; Kotlarczyk 1978, 1988).

The Ropianka Formation represents a mixed sand-
mud system dominated by siliciclastic sediment, but 
shows an abundance of marls towards the northerly 
source area, particularly in the eastern part of the 
Skole Nappe (Burzewski 1966; Kotlarczyk 1978, 
1988; Geroch et al. 1979; Leszczyński et al. 1995; 
Leszczyński 2003, 2004; Kędzierski and Leszczyński 
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2013). Exotic components and heavy-mineral as-
semblages in sandstones indicate a varied crystal-
line rock suite of the northern hinterland (Salata and 
Uchman 2013; Salata 2014a, b; Łapcik et al. 2016 
and references therein). The zone of marl sedimen-
tation between the siliciclastic source and simi-
larly siliciclastic mass-flow system of the Ropianka 
Formation suggests a slope zone of the Skole Basin 
and an intra-basinal origin of carbonate mud. In the 
outcrop of thrust-folded Skole Nappe (Text-fig. 1A), 
the marlstones occur mainly as wedges in the lower 
parts of the Cisowa, Wiar and Leszczyny members 
of the Ropianka Formation (Text-fig. 2), which may 
indicate basinward slope advances accompanied by 

base-of-slope sandy sedimentation. At its top, the 
Ropianka Formation passes into the Paleocene–
Eocene Variegated Shale Formation (Text-fig. 2) de-
posited below the local CCD in variable oxygenation 
conditions (Rajchel 1990; Leszczyński and Uchman 
1991; Barwicz-Piskorz and Rajchel 2012; Olszewska 
and Szydło 2017), which suggests bulk deepening 
of the basin and drowning of its sediment-supplying 
hinterland.

The study area near the village of Hucisko Jawor-
nickie (Text-fig. 1A) is located about 3 km to the 
SE from the Manasterz Quarry section studied by 
Łapcik (2018), but the two localities are in differ-
ent adjacent thrust sheets (cf. Wdowiarz 1949) and 
their stratigraphic correlation is uncertain. The out-
crops studied are in the stream banks to the north of 
Hucisko Jawornickie and in the Łopuski Forest to the 
northeast (Text-fig. 1B). The best exposed and longest 
section north of Hucisko Jawornickie shows the Wiar 
and Leszczyny members of the Ropianka Formation 
and the overlying Variegated Shale Formation (Text-
fig. 2), although their exact boundary there is un-
exposed. According to regional literature, the top-
most part of the Ropianka Formation in the Hucisko 
Jawornickie section (its segment I, Text-fig. 1B) rep-
resents the Węgierka Marl (Text-fig. 2), known also 
as the Baculites Marl (Burzewski 1966; Bromowicz 
1974; Kotlarczyk 1978).

MATERIAL, METHODS AND TERMINOLOGY

The main part of data for the present study are 
from a detailed logging of the Hucisko Jawornickie 
outcrop section, showing a stratigraphic thickness of 
more than 400 m. The rocks are tectonically deformed 
and steeply inclined towards the SW, which means 
that the section is stratigraphically oblique, drifting 
away from the basin margin in the upward direction. 
The outcrop section is discontinuous, with some of its 
parts covered by vegetation and modern fluvial sed-
iments. The section has been subdivided in a strati-
graphic order into segments A to I (Text-fig. 1B), with 
segment B as a stratigraphic equivalent of segment A, 
measured on the opposite limb of the same syncline. 
Supplementary observations are from the small iso-
lated outcrops and loose rock debris in the areas to 
the west and east of the Hucisko Jawronickie section 
(Text-fig. 1B), although these data on lithofacies vari-
ability along the depositional strike are difficult to 
correlate with the logged outcrop section.

The descriptive sedimentological terminology is 
after Harms et al. (1975) and Collinson et al. (2006). 

Text-fig. 2. Stratigraphic scheme of the Skole Nappe, based on 
Kotlarczyk (1988), Rajchel (1990), Rajchel and Uchman (1998) 
and Ślączka and Kaminski (1998), with modifications by Gedl 
(1999) and Kotlarczyk et al. (2006). The time scale is according 
to Gradstein et al. (2012). Abbreviations: TRSh Mb – Trójca Red 
Shale Member; VSh – Variegated Shale; and ChS Mb – Chmielnik 

Stripy Sandstone Member
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Bed thickness categories are after Nichols (2009), 
with very thin (<1 cm), thin (1–10 cm), medium (10–
30 cm), thick (30–100 cm) and very thick (>100 cm) 
classes. Statistical terminology and methods are after 
Davis (2002).

Sedimentary facies are basic types of deposits 
distinguished on the descriptive basis of their bulk 
macroscopic characteristics (Walker 1984). In the 
case of episodic ‘event sedimentation’ (sensu Dott 
1983), as in a flysch succession, the distinction of 
facies pertains to the products of individual sedi-
mentary-gravity flows and inter-flow episodes of 
background sedimentation (e.g., Janbu et al. 2007). 
Differing assemblages of spatially and temporarily 
related sedimentary facies are distinguished as fa-
cies associations and considered to represent specific 
parts (sub-environments) of the sedimentary system 
(e.g., Stow and Mayall 2000; Mulder et al. 2011; 
Shanmugam 2016a). They are given interpretive ge-
netic labels, but their descriptions are separated from 
interpretations in the text.

SEDIMENTARY FACIES

Seven sedimentary facies are distinguished in the 
studied succession, ranging from granule conglomer-
ates and sandstones to mudstones and marlstones, and 
are labelled F1 to F7 in the sedimentological log (Text-
fig. 3). Sedimentary facies are distinguished based on 
the texture, grain size trend, mud content, bed thick-
ness, sedimentary structures and petrographic com-
position of deposits. Sandstones are quartzose aren-
ites, variably calcareous and mainly whitish grey or 
yellowish to rusty orange in colour. Some sandstone 
beds are greenish due to a high content of glauconite. 
Most sandstone beds are poorly cemented, as is typi-
cal of the Ropianka Formation (Bromowicz 1974). In 
addition to quartz, the sandstones contain grains of 
muscovite, biotite, feldspar, pyrite, glauconite, coal 
and plant detritus, as well as fragments of siliceous 
rocks, greenschist, grey mudstone and agglutinated 
foraminifer tests. Conglomerates are subordinate, 
fine-grained and dominated by quartz.

Facies F1: Graded massive conglomerate and 
sandstone with stratified or banded top

Description: This facies occurs as beds of graded 
coarse- to fine-grained sandstone or granule conglom-
erate graded to sandstone. Beds are 4 to 195 cm in 
thickness and mainly tabular on the outcrop scale, 
with sharp erosional bases, load features and rarely 

exposed sole marks. These graded beds are mainly or 
entirely massive, macroscopically non-stratified (Text-
fig. 4A–C). Some beds contain flat-lying intraforma-
tional clasts of mudstone, siltstone, marlstone and coal, 
most often in the basal and/or top part of massive bed. 
Intraclasts are up to 17 x 6 cm in size and are litho-
logically similar to facies F4, F5 and F6 (described 
farther in the text). Exotic pebble-sized clasts of schist, 
igneous and volcanic rocks, limestone, sandstone and 
siliceous rocks occur in the basal part of beds. Some 
beds are multiple, amalgamated, as indicated by ero-
sional surfaces with an abrupt increase is grain size.

The top part of the graded massive beds of-
ten shows planar parallel stratification and ripple 
cross-lamination, occasionally convoluted, and a silt-
stone to mudstone capping with ‘wispy’ discontinu-
ous lamination (Text-fig. 4B). Many beds show a sig-
nificant grain-size decrease and mud content increase 
at the transition from their graded massive division to 
laminated top division. The laminated division is typ-
ically much thinner than the massive division (Text-
fig. 4A), but is occasionally of similar or greater rela-
tive thickness (Text-fig. 4B). The top of the laminated 
division is only rarely disturbed by bioturbation.

Some beds of facies F1 show dark isolated bands, 
0.5–5 cm thick and rich in mud and coalified plant de-
tritus, which occur at various heights within the mas-
sive graded division or form its capping instead of a 
laminated division. In the latter case, the banded divi-
sion (sensu Lowe and Guy 2000) consists of thin dark 
bands of massive sand alternating with ‘clean’ bands 
of laminated sand, often loaded (Text-fig. 4C). These 
bands have comparable thicknesses or either type may 
dominate, even in portions of one banded division. 
The sandstone below banded division or beneath an 
isolated band in massive division commonly shows 
dewatering structures, and the bands in such cases are 
hydroplastically deformed. Similar banded divisions 
were observed by Łapcik (2017) in the turbidites of the 
Ropianka Formation in the Słonne section.

Interpretation: Facies F1 is interpreted as depos-
its of high-density turbiditic currents (sensu Lowe 
1982). The graded massive division represents a phase 
of rapid, non-tractional dumping of coarse sediment 
suspension from a highly concentrated turbulent 
flow (turbidite division A of Bouma 1962; division 
S3 of Lowe 1982). The overlying laminated division 
represents tractional deposition from the remaining, 
lower-density phase of the current (divisions B–D of 
Bouma 1962; division Tt of Lowe 1982), with possi-
ble brief episodes of bypass and substrate rework-
ing (e.g., Sumner et al. 2008; Talling et al. 2012). 
Such a pattern of deposition is generally attributed 
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Text-fig. 3 (continued on p. 7)
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Text-fig. 3. Sedimentological log of the Ropianka Formation in the Hucisko Jawornickie section, with the distinction of sedimentary facies (see 
F1–F7 in the chequer plot at the log right-hand margin). The inset map shows the location of individual log segments A–I
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to the waning of a ‘classical’, surge-type turbidity 
current (Bouma 1962; Piper 1978; Stow and Bowen 
1978, 1980; Lowe 1982, 1988; McCave and Jones 
1988; Best and Bridge 1992; Leclair and Arnot 2005; 
Sumner et al. 2008; Talling et al. 2012). However, it 
cannot be precluded that at least some of the thicker 
beds of facies F1 were deposited by quasi-steady, 
‘sustained’ (long duration) turbidity currents (see 
Kneller and Branney 1995; Baas 2004; Leclair and 
Arnot, 2005). The isolated dark sand bands enriched 
in mud and coaly detritus within the massive division 
indicate, indeed, some internal flow pulses, with the 
mode of deposition perhaps intermediate between 
turbidity current and debris flow (cf. Lowe et al. 
2003; Haughton et al. 2009). Likewise, the overlying 
banded division observed in beds indicates rhythmic 
pulses of deposition from a sustained quasi-steady 
flow, similar to the flow mode referred to as ‘slurry 
flow’ by Lowe and Guy (2000). This flow mode 
would involve repetitive auto-cyclic formation and 
en masse freezing of cohesive traction carpets (in 
contrast to the non-cohesive traction carpets of Lowe 
1982) due to the settling of flocculated mud and en-
trapped coaly detritus, with the intervening episodes 
of tractional sand deposition. The bands in facies F1 
are in the thickness range of the meso- (M2C) and mi-
cro-banding (M5) of Lowe and Guy (2000), whereas 
the massive, dish-structured and wispy-laminated 
deposits underlying the banded divisions might cor-
respond, respectively, to the divisions M1, M4 and M3 
of Lowe and Guy (2000).

Last, but not least, the massive lower division in 
some of the beds of facies F1 shows little or no macro-
scopically recognizable grading. It may thus be inter-
preted as a co-genetic sandy debrite (cf. Strzeboński 
2015; Shanmugam 2016b) – representing either a relic 
of the turbidity current’s parental debris flow or an 
inertial debris flow spawned en route by the current 
as a ‘moving bed’ due to excessive bedload concen-
tration (cf. Postma et al. 1988; Talling 2013).

Facies F2: Stratified sandstone and conglomerate

Description: Facies F2 occurs as beds of coarse- 
to very fine-grained sandstone and granule to pebble 

conglomerate, 1 to 160 cm in thickness. Beds are 
mainly tabular on the limited outcrop scale, but the 
thinner ones, up to a few centimetres, tend to have 
uneven thicknesses with occasional lateral pinch-
outs. Bed bases are invariably sharp, with sole marks 
including trace fossils as well as flute and groove 
marks. Bioglyphs and mechanoglyphs co-occur, but 
one type of sole marks seems to dominate in particu-
lar parts of the sedimentary succession. Sedimentary 
structures include planar parallel stratification, rip-
ple cross-lamination (occasionally with climbing 
ripples), convolute lamination, water-escape features 
and mud-draped wavy lamination (Text-fig. 4D). 
The beds of facies F2 thus resemble the laminated 
and banded top divisions of facies F1 beds, but lack 
any related lower massive division. Most beds show 
macroscopic normal grading and the thicker ones 
are sparsely capped with a laminated siltstone and 
mudstone. Rare intraformational and exotic clasts, 
similar as in facies F1, occur scattered in the basal 
part of some beds. Trace fossils include Scolicia isp., 
Thalassinoides isp. and Ophiomorpha isp., which oc-
cur as hypichnia and endichnia in thin beds.

Interpretation: Facies F2 represents deposits of 
low-density turbiditic currents (sensu Lowe 1982), 
with a fully tractional deposition and muddy capping 
as in the Bouma (1962) turbidites TBCDE and TCDE 
(see also Best and Bridge 1992; Leclair and Arnot 
2005; Talling et al. 2012). However, the rate of bed 
aggradation varied and was highly unsteady. Mud-
draped wavy lamination indicates discrete pulses of 
weak tractional transport (Reineck and Singh 1980). 
Climbing-ripple cross-lamination implies flow 
phases with a high rate of suspension fallout (Ashley 
et al. 1982). Water-escape structures indicate rapid 
sediment deposition (Collinson et al. 2006), whereas 
banded divisions suggest transient phases of ‘slurry 
flow’ (sensu Lowe and Guy 2000).

Within the general concept of turbidity-current 
evolution (Mulder and Alexander 2001), facies F2 
may be considered a downstream equivalent of facies 
F1 for their parental flows in the depositional system, 
while it should also be kept in mind that the variation 
of bed thicknesses and grain size indicates flows with 
variable volumes and runout distances.

Text-fig. 4. Outcrop examples of facies F1, F2, F3 and F4; A – Sandstone bed of facies F1 with thick massive division (a) capped by much 
thinner planar parallel-stratified division (b); B – Sandstone bed of facies F1 with Bouma-type pattern of divisions TABCDE, capped with a thin 
mudstone of facies F4 overlain by marlstone of facies F5; C – Massive sandstone bed of facies F1 (a) with mud-richer, darker middle part 
containing clasts of mudstone, marlstone and laminated siltstone (b); its cap is a banded sandstone division with bands of ‘clean’ parallel-strat-
ified sand, partly loaded, and dark bands rich in mud and coalified plant detritus (c); D – Marlstone bed of facies F5 (a) overlain by mudstone 
facies F4 (b), slightly erosional sandstone bed of facies F2 with planar parallel stratification and ripple cross-lamination (c), another mudstone 
layer of facies 4 (d), and a heterolithic deposit of facies F6 (e) capped with mudstone facies F4 (f); E – Uneven boundary between dark muddy 

sandstone of facies F3 with scattered mudclasts and quartz granules (a) and the underlying mudstone-marlstone debrite of facies F7 (b)

→
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Facies F3: Non-graded or slightly inverse-graded 
massive sandstone

Description: Facies F3 consists of fine- to coarse-
grained sandstone beds with thicknesses of 4 and 
500 cm (Text-fig. 4E). The thin beds are few and 
are apparently erosional relics of thicker ones. Most 
beds are darker, richer in mud than the sandstone 
beds of facies F1 and F2. The lower and upper bed 
boundaries are sharp, flat or uneven (Text-fig. 4E), 
lacking sole marks. The sandstone beds are massive 
(non-stratified) and macroscopically non-graded or 
slightly coarse-tail inverse-graded. They contain 
scattered or patchily distributed coarse sand grains, 
quartz pebbles, coalified plant detritus, and intra-
formational clasts of mudstone, marlstone and silt-
stone. Thick beds contain mudclasts up to 72 cm in 
length. Some beds are capped with a thin layer of fin-
er-grained sandstone showing planar or wavy parallel 
stratification and/or ripple cross-lamination.

Interpretation: The beds of facies F3 lack evi-
dence of deposition from turbulent flows – such as 
normal grading and stratification – and are inter-
preted as deposits of slightly cohesive to non-cohesive 
sandy debris flows (cf. Shanmugham 2006, 2016b; 
Breien et al. 2010; Talling et al. 2012; Talling 2013; 
Strzeboński 2015). The non-graded beds with ran-
domly scattered outsized clasts suggest slow-moving 
debris flows with a limited internal shearing (fric-
tional regime sensu Drake 1990). The weak, coarse-
tail inverse grading of some beds is due to the lack or 
sparsity of coarse clasts in the bed’s lower part, which 
indicates slightly faster debris flows with a thicker 
basal shearing zone (see Nemec and Postma 1991). 
Only some beds have a thin finer-grained stratified 
capping, which supports the notion of low-speed de-
bris flows with little or no interface turbulent en-
trainment of sediment by ambient water (cf. Nemec 
et al. 1984).

Facies F4: Mudstone

Description: This facies comprises mudstone 
beds, 1 to 25 cm thick and grey, greenish or brown-
ish in colour (Text-fig. 4B–D). These beds have gra-
dational, rarely sharp, lower boundaries and most 
often are sharply overlain by sandstone facies (Text-
fig. 5A). Mudstone is mainly massive and variably 
calcareous, with an admixture of muscovite, pyrite, 
glauconite, coalified plant detritus, as well as dis-
persed quartz grains of very fine sand and silt. The 
thicker beds are partly interlaminated with silt and/or 
very fine sand. Biogenic component is mainly tests 

of benthic agglutinated and planktic calcareous for-
aminifers. The dark colour and weathered outcrop 
surface of mudstone makes bioturbation structures 
difficult to recognize in the field, but cut samples 
show Chondrites isp. and Planolites isp. The beds 
of facies F4 alternate with all the other facies in the 
studied succession, although the bulk thickness con-
tribution of this facies is minor.

Interpretation: This mudstone facies is interpreted 
as deposits of a ‘background’ sedimentation above or 
close to the local lysocline. Macroscopic distinction 
between pelagic, hemipelagic and turbiditic mud-
stones is generally difficult. The mudstones of facies 
F4 are siliciclastic, but are also variably calcareous, 
which suggests a mixed hemipelagic and pelagic sed-
imentation. Mudstone beds richer in biogenic calcar-
eous component may thus indicate a relatively higher 
contribution of pelagic sedimentation. Mudstone beds 
with a marked admixture of silt and sand or interla-
minated with these coarser components, especially 
where overlying turbidite beds, are thought to rep-
resent deposition from the dilute low-density tails of 
turbidity currents (turbidites TDE of Bouma 1962; see 
also Stow and Bowen 1978, 1980; McCave and Jones 
1988; Talling et al. 2012). It is well known from labo-
ratory experiments (e.g., Alexander and Morris 1994; 
Alexander and Mulder 2002) that the mobile trailing 
cloud of dilute suspension can spread far beyond the 
depositional area of turbiditic sand and silt, which 
may explain why the turbiditic mudstone beds – in-
stead of capping turbidites – often overlie debrites or 
the other mudstone varieties of facies F4. The lami-
nation in mudstone is probably not tractional and can 
be due to the rhythmic depletion of a stable density 
gradient of quasi-standing suspension cloud by sedi-
mentation-driven convection (Kerr 1991). Some of the 
massive, non-laminated mudstone beds may represent 
spontaneous gravity flows of fluidal mud (Baas et al. 
2009) unrelated directly to turbidity currents.

Facies F5: Marlstone

Description: This facies comprises isolated beds 
of marlstone, bluish white (locally greenish or grey 
to reddish) in colour, with thickness up to 30 cm, but 
rarely more than 5 cm (Text-figs 4B–D and 5A). The 
lower bed boundaries are mainly sharp, but rarely 
erosional, whereas the upper boundaries range from 
sharp (in cases of an overlying sandstone) to gra-
dational (in cases of an overlying mudstone). The 
majority of marlstone beds are massive, non-lami-
nated, and show macroscopic normal grading only 
where containing an admixture of sand and silt. Non-
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bioturbated beds show parallel lamination or wispy 
lamination related to silt admixture. The thicker beds 
contain interlayers of quartzose very fine sandstone 

or siltstone, around 1 cm thick, with planar parallel 
lamination, ripple cross-lamination and marl-draped 
starved-ripple lenses (Text-fig. 5A).

Text-fig. 5. Outcrop examples of facies F5, F6 and F7; A – Marlstone bed of facies F5 with sandy laminae (a), starved ripples (b) and starved 
ripples with marlstone drapes (c); note the underlying layers of facies F2 and F6 and the overlying layers of facies F4, F2 and F6; B – 
Heterolithic deposit of facies F6 composed of mud with planar laminae of silt and very fine-grained sand, showing burrows (a) and starved 
ripples with palaeotransport direction both to the right (b) and to the left (c); some ripples are loaded (d); C – Mud-rich debrite of facies F7 (a), 
with scattered intraformational clasts of sand, silt and mud, underlain by sandstone of facies F1 (b); beds are subvertical; D – Mud-rich debrite 
of facies F7 with scattered intraformational and exotic clasts; E – Outcrop photomosaic of a faulted palaeochannel margin in parallel-stratified 
sandstone of facies F2, buried by a debrite of facies F7 with large intraformational balls of facies F2 sandstone and facies F1 conglomerate (a)
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Marlstone beds show abundant bioturbation struc-
tures, with burrows invariably filled with dark mud, 
even where such sediment is not present directly above 
or below the marlstone. Common are Chondrites isp., 
Planolites isp., Scolicia isp. and Ophiomorpha isp. 
Biogenic micrite consists mostly of planktic foramin-
ifer tests, fragments of carbonate sponge spicules and 
shell detritus. Non-calcareous component is a variable 
admixture of quartz grains, coalified plant detritus, 
pyrite, muscovite flakes and glauconite grains. Facies 
F5 is difficult to distinguish from facies F4 in some 
poorer exposed or less accessible parts of the outcrop 
section, as these rocks are often similar in colour and 
mudstone is variably calcareous.

Interpretation: Based on the evidence of normal 
grading, lamination and relatively high admixture of 
non-calcareous sediment, the beds of facies F5 are 
interpreted as deposits of highly dilute, muddy calci-
turbiditic currents (cf. Stow and Bowen 1978, 1980). 
The deposits would be genetically comparably to the 
Bouma (1962) turbidites T(B)CDE, but characterized 
by sparse sandy or silty tractional lower divisions 
and dominant post-tractional fallout divisions. The 
paucity of visible lamination is due to bioturbation, as 
the less bioturbated beds seem to show traces of faint 
parallel lamination almost throughout to the top. The 
lamination in marly turbidite divisions DE is unlikely 
to be tractional and can be due to the rhythmic de-
pletion of a stable density gradient of quasi-standing 
suspension cloud by sedimentation-driven convec-
tion (Kerr 1991), whereas some of the non-laminated 
marlstone beds may be unrelated to turbidity currents 
and represent spontaneous gravity flows of fluidal 
mud (Baas et al. 2009).

Beds with multiple normal grading (Text-fig. 5A) 
may represent successive flows following closely one 
another as pulses or may reflect flow internal pulses 
driven by interface Kelvin-Helmholtz waves (cf. Ge 
et al. 2017). However, it cannot be precluded that the 
internal sandy/silty tractional divisions within a marl-
stone bed were inserted by the independent action of 
tidal or contouritic bottom currents (cf. Shanmugam 
2008, 2017; Stow and Faugères 2008; Dykstra 2012).

The intense bioturbation of marlstones implies 
well-oxygenated seafloor conditions with an ade-
quate supply of nutrients for benthic organisms to 
thrive. The mudstone facies F4, in contrast, signifies 
relatively dysoxic and oligotrophic conditions.

Facies F6: Heterolithic deposits

Description: Facies F6 occurs as units, up to 47 
cm thick, of white, yellowish white or grey calcar-

eous siltstone and very fine-grained sandstone in-
tercalated with mudstone (Text-fig. 5B). Most such 
units are only several centimetres thick, with an un-
even pinch-and-swell geometry. The thin heterolithic 
bedding is well pronounced, as the boundaries of 
the sandstone or siltstone layers and the mudstone 
layers are sharp, locally loaded (Text-fig. 5B), with 
flame structures, flute marks and bioturbation fea-
tures. The sandstone and siltstone beds show internal 
plane-parallel lamination and climbing or non-climb-
ing ripple cross-lamination, commonly with mud 
drapes or flasers, but beds are laterally discontinu-
ous, comprised of starved and/or loaded ripple lenses. 
The successive ripple cross-laminae sets occasionally 
show significantly different or opposite palaeoflow 
directions (Text-fig. 5B). Recognizable trace fossils 
are Ophiomorpha isp., Scolicia isp. and Planolites 
isp., occurring as endichnia and hypichnia (Text-fig. 
5B). Some beds are virtually homogenized by intense 
bioturbation. Mudstone is similar as in facies F4 and 
some of its layers contain parallel or wispy laminae 
of silty and fine sand, which makes the distinction 
locally difficult and somewhat arbitrary – based on 
the facies context.

Interpretation: Facies F6 indicates an action of 
short-lived or markedly pulsating, discrete tractional 
currents alternating with episodes of ‘background’ 
mud suspension fallout. Such depositional conditions 
may represent: (i) episodic incursions of the dilute 
tails of turbidity currents into an area of hemipelagic 
mud deposition; (ii) episodic spill-out of channelized 
turbidity currents into such an area; or (iii) episodic 
action of fluctuating contour currents or tidal currents 
(cf. He et al. 2008; Shanmugam 2008, 2017; Dykstra 
2012). An involvement of tidal currents seems to be 
supported by the sharp but non-erosional bed bound-
aries, mud flasers in ripple cross-laminae sets and 
occasional evidence of palaeocurrent reversals.

Facies F7: Massive mud-rich conglomerate and 
pebbly or sandy

Description: This facies includes isolated and 
relatively thick, non-graded massive beds of mud-
rich conglomerates and pebbly or sandy mudstones 
(Text-figs 4E, 5C–E). Conglomerate beds are a few 
decimetres to more than 600 cm thick, matrix-sup-
ported and containing intraformational and/or exotic 
clasts. Matrix is a mud-rich sand. Bed bases are sharp 
and often deformed by loading, but not necessarily 
erosional. Intraformational debris includes cobble- to 
boulder-sized fragments of mudstone, marlstone and 
siltstone (Text-fig. 5C), glauconite-rich sandstone, 
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as well as ball-shaped fragments of fine- to coarse-
grained sandstone and granule conglomerate (Text-
fig. 5E). The intraclasts are mainly subrounded and 
their lithological range corresponds to the associated 
other sedimentary facies. Some sandstone boulders 
are up to 40 x 100 cm in size, whereas mudstone 
boulders are plastically deformed and partly disin-
tegrated, merged with the muddy matrix. Smaller 
clasts tend to be deformed into lenses oriented mainly 
parallel to bedding (Text-fig. 5C). Clasts of marlstone 
and mudstone are often armoured with coarse sand 
and granules. The intraformational conglomerate 
beds occur in segments E–G of the stratigraphic sec-
tion (Text-fig. 3).

Conglomerate beds with exotic clasts occur only 
in the section’s segments H and I (Text-fig. 3). They 
are similarly mud-rich and matrix-supported, 40 cm 
and to more than 350 cm in thickness, usually capped 
by sandstone facies F2. The bed bases are mainly 
flat, with no evidence of significant erosion or defor-
mation. In addition to intraformational debris (com-
parable lithologically to facies F1, F2 and F3), these 
beds contain scattered, rounded pebble-sized exotic 
clasts of a Štramberk-type limestone (cf. Hoffmann 
et al. 2017), greenschist, coal, igneous and volcanic 
rocks, and subordinately some other sedimentary and 
metamorphic rocks (Text-fig. 5D). The volumetric 
ratio of clast to matrix is lower than in the purely in-
traformational conglomerates. The lithological com-
position of exotic clasts is similar to that reported 
from the conglomerates and pebbly mudstones in the 
Upper Cretaceous of the Silesian Nappe (Strzeboński 
et al. 2017) and from the Ropianka Formation else-
where in the Skole Nappe (Łapcik et al. 2016).

The third variety of facies F7 deposits are isolated 
massive beds of pebbly or sandy mudstone (Text-
fig. 4E), several decimetres to more than 500 cm in 
thickness. They are similarly non-graded, containing 
randomly scattered, sparse quartz pebbles and small 
intraclasts lithologically similar to facies F4, F5 and 
F6. In contrast to facies F4 and F5, the mudstones of 
facies F7 show little or no bioturbation. These depos-
its occur only in segment I of the stratigraphic section 
(Text-fig. 3), where they alternate with thick-bedded 
muddy sandstones of facies F3.

Interpretation: The deposits of facies F7 are in-
terpreted to be debrites emplaced as highly cohesive 
debris flows and mudflows (cf. Crowell 1957; Prior et 
al. 1984; Mulder and Alexander 2001; Shanmugham 
2006, 2016b; Talling et al. 2012; Strzeboński et al. 
2017). The intraformational conglomerates, with 
plastically deformed sedimentary slabs and disrupted 
ball-and-pillow features, represent various stages of a 

mass-movement transformation from slump into de-
bris flow. The preservation of intraformational clasts, 
which were originally soft, suggests relatively short 
mass-flow distances, or perhaps some longer-runout 
slow-moving or hydroplaned fast-moving flows with 
limited internal shear. The hydroplaning of mud-rich 
debris flows and mudflows (e.g., Mohrig et al. 1998; 
Gee et al. 1999; Ilstad et al. 2004) is particularly in-
voked to explain their non-erosive long runout with 
little or no internal shearing. The same emplacement 
mechanisms of slow or hydroplaned fast movement 
may apply to the sandy mudstones and muddy con-
glomerates with exotic gravel, which signify a mark-
edly heterolithic source with sediment mixing during 
its gravitational collapse. The common occurrence 
of sandstone facies F2 with exotic gravel at the top 
of pebbly mudstone bed may indicate a turbiditic 
current triggered by retrogressive failure directly af-
ter the initial slumping and debris flow. Some of the 
gravel-free mudstones and sandy mudstones may be 
the so-called ‘unifites’ (e.g., Stow and Bowen 1978, 
1980; Ricci Lucchi and Valmori 1980; McCave and 
Jones 1988; Talling et al. 2012), and their thickest 
beds may be due to amalgamation of two or more 
consecutive flows.

Muddy debrites comparable to facies F7 are com-
mon in basin-slope settings, and are known to oc-
cur in within the slope, at the base of slope and in 
more distal basin-floor areas (e.g., Gee et al. 1999; 
Tripsanas et al. 2008; Shanmugam 2016b). The de-
posits of facies F7 may then represent cohesive de-
bris flows derived locally from the basin’s adjoining 
northern slope or generated within the base-of-slope 
system by the collapses of channel cut-banks and le-
vees. The textural variation of deposits suggests that 
a combination of these sources is likely. The sedi-
ment gravity movements may have been spontaneous 
or triggered by earthquakes, or both.

FACIES ASSOCIATIONS

Based on the stratigraphic grouping of sedi-
mentary facies and their upward grain-size trends 
(Text-fig. 3), six facies associations have been distin-
guished – differing in their facies composition, the 
mean value, median and variance of bed thicknesses 
and the sandstone net/gross percentage (see data 
summary in Table 1). On the account of their compo-
nent facies characteristics (depositional processes), 
the individual facies associations are interpreted as 
representing different morphodynamic sub-envi-
ronments of the submarine depositional system. The 
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vertical organization of facies within their particular 
associations, or the time pattern of the operation of 
depositional processes within a particular sub-en-
vironment, has been analysed with the use of the 
stochastic method of embedded Markov chains (for 
description, see Davis 2002).

Channel-fill facies association

Description: The facies assemblages of this type 
are 3.8–21.1 m thick (mean ca. 13 m), have a sand-

stone net/gross of 62% to 94% and are dominated by 
facies F1 (37%), F2 (27%) and F3 (16%), with only 
minor contribution of the finer-grained facies F4, F5, 
F6 and F7 (Table 1). Facies F1, F2, F3 and F7 reach 
here their greatest bed thicknesses in this facies as-
semblage, and the overall variance of bed thicknesses 
is the highest, with a standard deviation (SD) of 37.5 
cm. The mean sandstone bed thickness (M = 39 cm) 
is higher than the median (Md = 27 cm), which indi-
cates a positively skewed bed-thickness frequency 
distribution, with an excess of thicker beds. These 

Table 1. Quantitative summary of the characteristics of facies associations in the Hucisko Jawornickie section
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facies assemblages show a non-systematic thinning- 
and fining-upwards trend, perturbed by the irregular 
insertion of debrite facies. The preferential pattern 
of upwards facies transition in this type of facies 
assemblages is shown as a Markov chain model in 
Text-fig. 6.

Interpretation: These facies assemblages – as the 
richest in sandstone and conglomeratic facies, with 
the highest amount of erosional bed amalgamation 
and a finning- and thinning-upwards trend – is inter-
preted as the infill of distributary channels (cf. Mutti 
and Normark 1987; Pickering et al. 1995; Clark and 
Pickering 1996; Bruhn and Walker 1997; Stow and 
Mayall 2000; Gardner et al. 2003; Mayall et al. 2006; 
Posamentier and Walker 2006; Janbu et al. 2007; 
Hubbard et al. 2008, 2014; Bernhardt et al. 2011; 
McHargue et al. 2011; Mulder 2011; Janocko et al. 

2013; Bayliss and Pickering 2015a, b; Pickering et al. 
2015; Shanmugam 2016a; Łapcik 2018). Submarine 
channels around 20 m deep would likely be only a 
few hundred metres wide (Clark and Pickering 1996), 
which supports the notion of cut-and-fill avulsive 
distributaries, rather than the system’s longer-lived 
main feeder conduits. The channel-fill sedimenta-
tion dynamics, in terms of the modal upward trend 
of depositional processes, is interpreted in detail in 
Text-fig. 6.

Channel-mouth lobe facies association

Description: Facies assemblages of this type are 
2–8 m thick, have a sandstone net/gross of 62% to 
98% and are dominated by sandstone facies F1, F2 
and F3 (jointly 75%), while lacking facies F7 (Table 

Text-fig. 6. Transition-count and difference matrices for channel-fill facies association with the corresponding Markov chain model of facies 
vertical organization and an interpretation of particular facies transitions. The total number of counted facies transitions is N = 279 and the 
confidence level of difference matrix is 99%. The preferential facies transitions (more frequent than random) are highlighted in colour in the 

difference matrix and are the basis of Markov chain model
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1). Compared to the channel-fill facies association, 
the mean contribution of facies F2 here is higher 
(43%) and the contribution of facies F1 (22%) and 
facies F3 (10%) is lower. Significantly higher is the 
contribution of fine-grained facies F4 (13%) and fa-
cies F5 (6%). The sandstone beds of facies F1, F2 
and F3 are much thinner and show a considerably 
lower thickness variance, with a standard deviation 
of 18 cm (Table 1). Also here, the mean sandstone 
bed thickness (M = 19 cm) is higher than the median 
(Md = 12 cm), which indicates a slightly positive 
skewness of the bed-thickness frequency distribution 
and hence an excess of thicker beds. These facies as-
semblages tend to show a non-systematic coarsening- 
and thickening-upwards trend. Their modal pattern 
of upward facies organization is shown as a Markov 
chain model in Text-fig. 7.

Interpretation: This type of facies assemblages is 
the second richest in sandstones, but in comparison 
to the previous one, it is finer-grained and thinner 

bedded, dominated by the tabular sandstone beds of 
facies F2, with much less amalgamation of beds and 
a higher contribution of the intervening fine-grained 
facies. The sandstone net/gross and bed-thickness 
statistics seem to reflect those of the channel-fill 
facies association (Table 1). This second type of 
facies association is thus considered to be a distal 
equivalent of the previous one and represent chan-
nel-mouth depositional lobes (cf. Mutti and Normark 
1987; Shanmugam and Moiola 1991; Pickering et al. 
1995; Stow and Mayall 2000; Deptuck et al. 2008; 
Prélat et al. 2009; Bernhardt et al. 2011; Mulder 2011; 
Grundvåg et al. 2014; Marini et al. 2015; Shanmugam 
2016a; Łapcik 2017). The notion of depositional lobes 
is supported by the sparsity of bed erosional amalga-
mation and the coarsening- and thickening-upwards 
trend. The sedimentation dynamics of channel-mouth 
lobe accretion, in terms of the modal upward pattern 
of depositional processes, is interpreted in detail in 
Text-fig. 7.

Text-fig. 7. Transition-count and difference matrices for channel-mouth lobe facies association with the corresponding Markov chain model of 
facies vertical organization and an interpretation of particular facies transitions. The total number of counted facies transitions is N = 225 and 
the confidence level of difference matrix is 80%. The preferential facies transitions (more frequent than random) are highlighted in colour in 

the difference matrix and are the basis of Markov chain model
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Channel-levee facies association

Description: This third type of facies assem-
blages is 3.8–6.1 m thick (mean 4.6 m), has a sand-
stone net/gross of 44% to 68% and is dominated by 
thin-bedded sandstone facies F2 (40%) and F1 (20%), 
but lacking facies F3 and F7 (Table 1). The thick-
ness contribution of fine-grained facies is similar as 
in the previous facies association, but the relative 
proportion of marlstone facies F5 (22%) is higher. 
Despite the apparent similarity to the previous facies 
association, the mean thickness of sandstone beds 
(M = 10 cm) and their median (Md = 6 cm) are nearly 
half-lower, and particularly the beds of facies F2, 
F4 and F6 are by comparison much thinner (Table 
1). Furthermore, the bulk variance of sandstone bed 
thicknesses is much lower, with a standard devia-
tion of only 10 cm. These facies assemblages show 
a non-systematic and often multiple coarsening- and 
thickening-upwards trend. Their bulk modal pattern 
of vertical facies organization is shown as a Markov 
chain model in Text-fig. 8.

Interpretation: The sedimentary characteristics 

of this type of facies assemblages suggest that they 
are like thinner-bedded imitations of the previous fa-
cies association, but with a lower sandstone net/gross, 
a higher proportion of marlstone facies F5 and a lack 
of facies F3 and F7. These facies assemblages are 
interpreted as levee deposits of distributary channels, 
a notion supported by their coarsening- and thicken-
ing-upwards trend and their direct association with 
inferred crevasse-fill and interlobe overbank deposits 
(described further below). Deposition of levees up 
to at least 6 m thick may indicate sinuous channels 
or local channel bends, where flow spill-out would 
be enhanced (cf. Pickering et al. 1995; Clark and 
Pickering 1996; Bruhn and Walker 1997; Posamentier 
and Walker 2006; Hubbard et al. 2008; Mulder 2011; 
Janocko et al. 2013; Bayliss and Pickering 2015a, 
b). The slight positive skewness of the sandstone 
bed-thickness frequency distribution (M > Md) indi-
cates an excess of thicker beds and seems to reflect 
the sedimentation dynamics of channel-fill and lobe 
deposition. The modal pattern of depositional pro-
cesses represented by facies organization is inter-
preted in detail in Text-fig. 8.

Text-fig. 8. Transition-count and difference matrices for channel-levee facies association with the corresponding Markov chain model of facies 
vertical organization and an interpretation of particular facies transitions. The total number of counted facies transitions is N = 221 and the 
confidence level of difference matrix is 97.5%. The preferential facies transitions (more frequent than random) are highlighted in colour in the 

difference matrix and are the basis of Markov chain model



128 PIOTR ŁAPCIK 

Interlobe basin-plain and crevasse-splay facies 
associations

Description: This fourth type of facies assem-
blage occurs as stratigraphic intervals several tens of 
metres thick in the outcrop section’s segments A and 
B (Text-fig. 3). It consists of the fine-grained pack-
ages of thinly bedded facies F2, F4, F5 and F6 in-
tercalated with ‘outsized’ sandstone beds composed 
of facies F1, F2 and F3. The fine-grained packages 
are up to 5.1 m thick (mean 1.4 m), have a sandstone 
net/gross of 0% to 63% (mean 41%), and lack such 
component facies as F1, F3 and F7 (see interlobe 
association in Table 1). Thin-bedded sandstone facies 

F2 abounds (41%), the contribution of fine-grained 
facies F4 (22%) and F6 (13%) is higher than in the 
other facies assemblages, and the contribution of fa-
cies F5 (24%) is the highest in the entire succession. 
The beds here are thinnest, with a mean thickness 
(M = 5 cm) equal to median (Md = 5 cm) and a low 
standard deviation of 3 cm. The intervening outsized 
sandstone beds consist of a combination of facies F1, 
F2 and F3 (for details, see crevasse-splay association 
in Table 1). The modal upward facies organization of 
these associations is shown as a joint Markov chain 
model in Text-fig. 9 (with the facies components of 
outsized sandstone beds labelled with suffix ‘s’).

Interpretation: This thinnest-bedded and fin-

Text-fig. 9. Transition-count and difference matrices for interlobe basin-plain and crevasse-splay facies associations with the corresponding 
joint Markov chain model of facies vertical organization and an interpretation of particular facies transitions. The total number of counted 
facies transitions is N = 1122 and the confidence level of difference matrix is 99.9%. The preferential facies transitions (more frequent than 

random) are highlighted in colour in the difference matrix and are the basis of Markov chain model
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est-grained facies association occurs between the 
sand-dominated channel-lobe assemblages and is in-
terpreted as interlobe basin-plain deposits, variously 
interspersed with crevasse-splay sandstone sheets. 
The occurrence of crevasse splays supports the no-
tion of interlobe areas evacuated by the lateral switch-
ing of depositional lobes, rather than distal areas of 
lobe ‘feather-edge’ termini (cf. Pickering et al. 1995; 
Deptuck et al. 2008; Prélat et al. 2009; Grundvåg et 
al. 2014; Łapcik 2017). The modal pattern of deposi-
tional processes represented by vertical facies orga-
nization is interpreted in detail in Text-fig. 9.

Crevasse-fill facies association

Description: This subordinate facies assemblage 
occurs only once in segment B of the outcrop section 
(Text-fig. 3), where it is 4.8 m thick and shows a 
sandstone net/gross of nearly 70%. It is dominated in 
equal proportion by sandstone facies F1 (35%) and F2 
(34%), with some contribution of fine-grained facies 
F4 (17%), F5 (11%) and F6 (3%), and has a fining- and 
thinning-upwards trend. Facies F3 and F7 are lacking 
(Table 1). Beds thicknesses are comparable to those 

in the channel-levee assemblages, but their variance 
and standard deviation are slightly higher and the 
mean thickness of facies F6 beds is half-lower (2 cm). 
The mean thickness of sandstone beds (M = 11.5 cm) 
is higher than the median (Md = 6 cm), which indi-
cates an excess of thicker beds – as in the channel-fill 
and channel-related facies assemblages (Table 1). In 
contrast to the channel-levee assemblages, this as-
semblage has an erosional base and shows an irregu-
lar fining- and thinning-upwards trend. Its modal up-
ward facies organization is summarized as a Markov 
chain model in Text-fig. 10.

Interpretation: This facies assemblage resembles 
to some extent the channel-levee assemblages, but 
is markedly richer in sandstones. Its erosional base, 
discernible fining- and thinning-upwards trend and 
direct association with channel-levee deposits sug-
gest that this facies assemblage is a crevasse-fill – the 
infill of a spill-out channel cut across distributary 
channel levee (Carter, 1988; Klaucke and Hesse 1996; 
Nakajima et al. 1998). The modal pattern of dep-
ositional processes recognized from vertical facies 
organization is interpreted in detail in Text-fig. 10. 
The notion of crevasses in the sedimentary system is 

Text-fig. 10. Transition-count and difference matrices for crevasse-fill facies association with the corresponding Markov chain model of facies 
vertical organization and an interpretation of particular facies transitions. The total number of counted facies transitions is N = 70 and the 
confidence level of difference matrix is 90%. The preferential facies transitions (more frequent than random) are highlighted in colour in the 

difference matrix and are the basis of Markov chain model
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consistent with the inferred crevasse-splay deposits 
(Table 1). Crevasses indicate channel propensity for 
avulsion and their sporadic preservation is simply a 
record of failed avulsion attempts.

DEPOSITIONAL MODEL

Based on the six facies associations recognized 
in the Hucisko Jawornickie section (Table 1), the 
sedimentary palaeosystem studied is envisaged as a 
progradational base-of-slope complex of depositional 
lobes fed by avulsive sinuous channels with levees, 
crevasses and numerous crevasse splays (Text-fig. 
11A). The channel-mouth lobes and channel-fill bod-
ies would be lenticular in transverse cross-section 
and hence it is reasonable to assume that only their 
maximum thicknesses measured in a single longitu-
dinal outcrop section may be representative when it 
comes to the system dimensions. These maximum 
thickness are in the lowest range of values for sim-
ilar features reported from elsewhere by other au-
thors (e.g., Gardner et al. 2003; Mayall et al. 2006; 
Posamentier and Walker 2006; Janbu et al. 2007; 
Deptuck et al. 2008; Prélat et al. 2009; Bernhardt 
et al. 2011; McHargue et al. 2011; Mulder 2011; 
Janocko et al. 2013; Hubbard et al. 2014; Grundvåg 
et al. 2014; Bayliss and Pickering 2015a; Marini et al. 
2015; Pickering et al. 2015; Shamugam 2016a). The 
maximum thickness of channel-fill bodies (21.1 m, 
Table 1), with a 20% correction for sediment com-
paction, would suggest distributary channels up to 
21.5 m deep. The statistically expected width of such 
channels would be in the range of 100 m to 1000 
m (Clark and Pickering 1996; Clark and Gardiner 
2000). Assuming a moderate channel width of 0.5 
km and a levee width around 1 km, the width of a 
channel-and-levee complex would be around 2.5 km, 
which suggests a radial length of depositional lobe 
around 3.5 km (Howell and Normark 1982). This esti-
mate is similar to that made independently by Łapcik 
(2017) from another outcrop section of the Ropianka 
Formation, pointing to a relatively small size of tur-
biditic channels and depositional lobes in the Skole 
Basin (cf. global data in Howell and Normark 1982; 
Clark and Pickering 1996; Clark and Gardiner 2000).

The measured cumulative thickness of the sedi-
mentary succession is more than 400 m, which means 
that – in addition to the build-out of depositional 
lobes and downstream extension of their distributary 
channels – the lobe complex was strongly aggrad-
ing. Therefore, a crucial component of the system 
morphodynamics was the lateral avulsive shifting of 

distributary channel within a lobe area and the lat-
eral switching of depositional lobes due to upstream 
shifts of main feeder channel (Text-fig. 11B). This 
morphodynamic scenario is consistent with widely 
held concepts (e.g., Normark et al. 1993; Ferry et 
al. 2005; Deptuck et al. 2007; Cantelli et al. 2011; 
Hodgson et al. 2011; Hubbard et al. 2014) and serves 
to explain the stratigraphic architecture of facies as-
semblages stacked vertically in the sedimentary suc-
cession, as discussed in the next section.

DYNAMIC STRATIGRAPHY

The sedimentary succession in the Hucisko 
Jawornickie outcrop section (Text-fig. 3) is inter-
preted as a base-of-slope channelized lobe complex 
that prograded basinwards over the distal, non-chan-

Text-fig. 11. Schematic dimensionless conceptual model for the 
depositional palaeosystem studied in the Hucisko Jawornickie sec-
tion (for hypothetical dimensional estimates, see text); A – Spatial 
relationships of the depositional sub-environments (facies associ-
ations) in the system; B – The key morphodynamic factors pos-
tulated for the stratigraphic development of an aggrading system
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nelized part of a similar earlier complex (described 
from another outcrop section by Łapcik 2017). The 
youngest, poorly exposed part of the succession (sec-
tion segments H and I, Text-fig. 3) is dominated by 
mudstones, marlstones and mud-rich debrites and 
probably represents progradation of the basin-slope 
deposits over the base-of-slope sandy ramp system 
(sensu Reading and Richards 1994). The basinward 
advance of the whole system was terminated by a bulk 
deepening of the Skole Basin and its sediment-sourc-
ing northern shelf zone, as indicated by the overlying 
Variegated Shale Formation of Paleocene–Eocene 
age (Text-fig. 2).

The base-of-slope system involved depositional 
lobes with leveed distributary channels and le-

vee-crossing crevasses, surrounded by interlobe ba-
sin plain with channel-derived crevasse splays (Text-
fig. 11A). The progradational system was strongly 
aggrading, which caused intralobe lateral shifting of 
distributary channels by avulsion as well as a bulk 
lobe switching by upstream shifts of the local feeder 
conduit (Text-fig. 11B). The sedimentation history 
of the system recorded in the Hucisko Jawornickie 
outcrop section (Text-fig. 3) can be accordingly deci-
phered and interpreted from the upward organization 
of facies associations (Text-fig. 12).

The lowermost part of the stratigraphic succes-
sion (thickness interval 0–20 m of log segment A, 
Text-fig. 12), corresponding to the Wiar Member of 
the Ropianka Formation (Text-fig. 2), shows a pro-

Text-fig. 12. Interpretation of the stratigraphic organization of facies associations in the Hucisko Jawornickie section (log segments A, B, C, E 
and G) in terms of morphodynamic evolution of the depositional system (Text-fig. 12 – continued on pp. 22–23)



132 PIOTR ŁAPCIK 



 FACIES ANATOMY OF A PROGRADATIONAL SUBMARINE CHANELIZED LOBE COMPLEX 133



134 PIOTR ŁAPCIK 

grading channel-mouth depositional lobe (base un-
exposed) overlain erosively by its parental distribu-
tary channel. The channel then shifted laterally by 
avulsion, leaving a trailing record of crevasse splays 
(log A interval 20–30 m, Text-fig. 12) and deliver-
ing sand to another sector of the depositional lobe. 
The bulk aggradation caused an upstream shift of the 
feeder channel (cf. Text-fig. 11B), whereby the lobe 
was abandoned and turned into a basin plain (log A 
interval 30–90 m, Text-fig. 12), while an adjoining 
new depositional lobe was probably being formed. 
This new lobe’s distributary channel only occasion-
ally shifted sufficiently close to the study area to 
leave a record of levees (log A interval 90–98 m and 
log B interval 40–55 m, Text-fig. 12), but otherwise 
was shedding there only occasional crevasse splays 
according with its lateral shifting. The emplacement 
of crevasse splays in a quasi-abandoned study area 
(log B interval 55–100 m, Text-fig. 12) is an import-
ant ‘echo record’ of the distributary channel lateral 
shifting in the adjacent area of a new lobe deposition, 
consistent with the notion of avulsive distributaries.

The feeder channel eventually switched back 
to the study area, forming a new prograding dep-
ositional lobe overlain erosively by its distributary 
channel (log C interval 0–45 m, Text-fig. 12). The 
distributary channel shifted briefly sideways (log C 
top), but soon returned by avulsion to continue its 
lobe-building action (log E and interval 0–13.5 m of 
log G, Text-fig. 12). The overlying erosive package 
of sand-dominated deposits (log G interval 13.5–54 
m, Text-fig. 12) is probably the local feeder valley 
that finally extended over the base-of-slope system 
and was filled with vertically stacked, amalgamated 
channel-fill deposits. The poorly exposed deposits in 
the topmost part of the outcrop succession (section 
segments H and I, Text-fig. 3), fine-grained and rich 
in muddy debrites, are attributed to an advance of 
the basin-slope deposits over the base-of-slope ramp 
system.

In terms of sequence stratigraphy (Catuneanu 
2006; Helland-Hansen 2009), the sedimentary suc-
cession may be considered as representing a progra-
dational normal-regressive lowstand systems tract, 
turning into an increasingly aggradational trans-
gressive systems tract – when even the feeder valley 
was back-filled. The transgression culminated in the 
deposition of the Variegated Shale Formation (Text-
fig. 2) at the highstand of relative sea level.

The sedimentation occurred during a long-
term eustatic sea-level fall by about 15 m from the 
mid-Campanian to end-Maastrichtian (Haq 2014, fig. 
4), which indicates that the coeval relative sea-level 

rise and transgression in the Skole Basin must have 
been caused by local tectonics. The early tectonic 
contraction of Carpathian orogen had probably both 
deepened and narrowed the basin, as indicated by a 
marked advance of the basin-margin slope. However, 
several short-term eustatic fluctuations on the or-
der of 30–50 m occurred during the period of sedi-
mentation (see 3rd-order eustatic cycles KCa3–KCa7 
and KMa1–KMa5 in Haq 2014, fig. 4). Their po-
tential impact on the depositional system behaviour 
is difficult to assess due to the sparsity of biostrati-
graphic data from the sedimentary succession, but 
it is quite possible that the system morphodynamic 
development was not controlled solely by autogenic 
processes. For example, the evidence of multiple lobe 
advances (log C, Text-fig. 12) and deeply erosional 
amalgamation of vertically stacked palaeochannels 
(log G, Text-fig. 12) might well indicate an influence 
of short-term eustatic changes. Eustatic fluctuations 
would have their greatest impact on the basin-margin 
shelf, which might explain the alternating supply of 
siliciclastic mud and calcareous mud (marl) as well 
as the episodic delivery of plant detritus and exotic 
gravel from the shelf zone.

IMPLICATIONS FOR THE SKOLE BASIN

Based on a detailed sedimentological analysis 
of available outcrop sections (Hucisko Jawornickie, 
Manasterz and Słonne, Text-fig. 1A), the depositional 
system of the Ropianka Formation is interpreted as a 
base-of-slope clastic ramp supplied with coarse sedi-
ment from the basin shelf zone through incised slope 
valleys (Text-fig. 13). The shelf was probably narrow 
and controlled by short-term eustatic fluctuations, 
with carbonate sedimentation dominant during sea-
level highstands and with deltas reaching the shelf 
edge during lowstands. The occurrence of a mud-ac-
cumulating slope between the base-of-slope sandy 
ramp and the sediment-supplying shelf zone would 
explain why the Ropianka Formation is increasingly 
dominated by marlstone and mudstone facies towards 
its northerly source zone.

The lateral switching of depositional lobes (Text-
fig. 11B) and temporal occupation of abandoned lobe 
areas by fine-grained basinal sedimentation may ex-
plain further the limited lateral extent of marlstone- 
and/or mudstone-dominated wedges within the 
Ropianka Formation. These wedges were recognized 
by surface mapping in the lower parts of the Cisowa, 
Wiar and Leszczyny members (Text-fig. 2), but the 
steeply folded and poorly exposed formation is likely 
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to contain many more such thick local patches of 
fine-grained deposits (see Text-fig. 12, interval 20–
100 m of log A and interval 54–100 m of log B). 
The hypothetical sedimentation model (Text-fig. 11) 
predicts that the main morphodynamic changes in 
the depositional system, such as lobe switching, were 
likely autogenic and non-synchronous, which would 
mean that the Ropianka Formation most probably 
lacks a simple layer-cake lithostratigraphy.

The channelized lobe complex studied in the 
Hucisko Jawornickie section, with a coeval feeder 
channel documented by Łapcik (2018) in the nearby 
Manasterz section, had prograded over the non-chan-
nelized distal part of an earlier similar lobe complex 
studied by Łapcik (2017) in the Słonne section (see 
section localities in Text-fig. 1A). The basinward dis-
tance between the Słonne section and the Hucisko 
Jawornickie section in the folded Skole Nappe is 
about 10 km (Text-fig. 1A), but is estimated to have 
been originally at least 35 km. If this estimate is 
correct, the basinward extent of the prograding base-
of-slope ramp system would be around 100 km (Text-
fig. 13), with the ramp evolving into a semi-contin-
uous apron (sensu Reading and Richards 1994) by 
the lateral switching of depositional lobes and their 
coalescent vertical stacking. This sand-rich belt was 
indeed recognized by the earlier researchers from 
surface mapping, but was considered to represent a 
long-distance system of axial sand transport in the 
synclinal basin (e.g., Książkiewicz 1962; Bromowicz 
1974; Kotlarczyk 1978). However, the measured local 

sediment transport directions appeared to be highly 
varied and hardly supporting this interpretation, indi-
cating transport mainly from the NW, N and NE (see 
Łapcik 2017, fig. 1A).

The present study and related studies by Łapcik 
(2017, 2018) have suggested a system of transverse, 
rather than longitudinal, sand dispersal and indicated 
that the system’s feeder and distributary channels 
were quite small by global standards (Howell and 
Normark 1982; Clark and Pickering 1996; Clark and 
Gardiner 2000), unlikely to form depositional lobes 
more than 3–4 km in radial length. The high varia-
tion of local transport directions is fully compatible 
with the present model, taking into account the avul-
sive channel shifting, sideways building of levees, 
crevassing and lateral lobe switching (Text-fig. 11) 
and the ultimate tectonic bending and eastward ro-
tation of the Skole Nappe (Text-fig. 1A). Features 
indicative of palaeotransport direction are seldom 
exposed even in such relatively good outcrops as the 
Hucisko Jawornickie section and may have little ex-
act meaning without being linked to specific facies 
association.

CONCLUSIONS

This sedimentological study of the Wiar and 
Leszczyny members of deep-marine Ropianka 
Formation in the Hucisko Jawornickie outcrop sec-
tion of Skole Nappe allowed distinction of seven com-

Text-fig. 13. Schematic conceptual model for the deposition of Ropianka Formation in the Skole Basin based on the Hucisko Jawornickie 
(present study), Manasterz (Łapcik 2018) and Słonne (Łapcik 2017) outcrop sections (see Text-fig. 1A)
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ponent sedimentary facies representing a range of 
sediment-gravity flows and episodes of hemipelagic 
to pelagic sedimentation with possible intervention of 
tidal or contouritic bottom currents. The stratigraphic 
grouping of sedimentary facies indicated six facies 
associations, interpreted as representing various 
morphodynamic architectural elements of a base-
of-slope depositional system: distributary channels, 
channel-mouth lobes, channel levees, interlobe basin 
plain, crevasses and crevasse splays. The individual 
facies associations have been characterized in quan-
titative terms of statistics, and their internal modal 
organization of component facies has been studied 
and interpreted by using Markov chain analysis.

The stratigraphic succession in the Hucisko 
Jawornickie section is interpreted as a complex of 
channelized depositional lobes, with the vertical or-
ganization of facies associations reflecting chiefly 
autogenic morphodynamics of an aggrading base-of-
slope system. The thick erosional package of amal-
gamated channel-fill deposits in the uppermost part 
of succession is interpreted as a basinwards extended 
and back-filled feeder valley, buried by muddy de-
posits of an advancing basin slope. The slope advance 
over the base-of-slope ramp culminated in a strong 
deepening of the Skole Basin and deposition of the 
Paleocene–Eocene Variegated Shale Formation. This 
dramatic change finds no explanation in coeval eu-
stasy and is attributed to the basin tectonics. Short-
term eustatic fluctuations are thought to have had a 
major impact on the basin’s sediment-supplying shelf 
zone.

The base-of-slope sandy system of the Ropianka 
Formation is estimated to have comprised deposi-
tional lobes with a radial length of 30–40 km and to 
have prograded basinwards over a distance of around 
100 km, while undergoing strong aggradation. The 
lateral switching of lobes and their coalescent vertical 
stacking resulted in a base-of-slope apron, which was 
recognized as a sand-rich belt by previous researcher 
from surface mapping, but was misperceived as an 
axial system of sand dispersal in the synclinal basin.

The present study, as the first detailed analysis of 
the Hucisko Jawornickie outcrop section, is a major 
contribution to the sedimentological understanding 
of the Ropianka Formation and the Late Cretaceous–
Paleocene development in the Skole Basin. Last, but 
not least, this sedimentological case study demon-
strates that a great deal of valuable information can 
be derived even from a single outcrop section of a 
poorly exposed sedimentary formation on the basis 
of detailed facies analysis conducted with appropri-
ate methods.
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