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Non-perennial to ephemeral fluvial systems dominated by seasonal discharge fluctuations and episodic rapid flood-flow
events are typical of arid to semi-arid climatic conditions. Dryland fluvial systems have been described from many ancient
and modern, predominantly tectonically-controlled sedimentary basins across the globe. This study provides detailed
sedimentological analysis and palaeoenvironmental interpretation of the lowermost part of the early Permian (?Asselian)
Krajanéw Formation exposed within the continental, fault-bounded Intra-Sudetic Basin (ISB), located on the NE periphery of
Bohemian Massif. High-resolution sedimentological logging and facies analysis indicate that the early Permian fluvial sys-
tem in this area was dominated by ephemeral fluvial processes influenced strongly by a semi-arid to arid climate. Rapid
(?catastrophic) flood events led to episodic sedimentation of vertically and laterally amalgamated fluvial channel infills, with
abundant upper flow regime structures as well as poorly channelized, laterally extensive sheet-like bodies of sandstone. The
overbank deposits are poorly preserved due to frequent lateral shifting of the channels. Soft-sediment deformation struc-
tures formed due to events of river bank collapse as well as debris flow facies point to high-energy, waning flows. It is con-
cluded that deposition occurred on broad, terminal-type alluvial fans, probably in their proximal- to medial segments within a
distributive fluvial system of the Permian Intra-Sudetic Basin. Petrographic composition and measured palaeocurrent direc-
tions show that the sediment was sourced from the neighbouring massifs — the Sowie Mts. Massif to the east, the Bardo
Structure and a hypothetical Southern Massif to the south/south-east.
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INTRODUCTION are relatively shallow and are characterized by high sediment
concentrations. According to Reid and Frostick (1987), concen-

tration of suspended sediment during flash floods in an ephem-

Deposits of dryland ephemeral fluvial systems are well
known both from modern (Williams, 1971; Picard and High,
1973; Foley, 1978; Stear, 1985; Tooth, 2000; Billi, 2011;
Camarasa-Belmonte, 2016) and ancient sedimentary succes-
sions across the globe (Tunbridge, 1984; Olsen, 1987; Deluca
and Eriksson, 1989; North and Taylor, 1996; Long, 2006; Lowe
and Arnott, 2016; Priddy and Clarke, 2020). According to Tooth
(2000), the general and descriptive term “dryland” refers to re-
gions dominated by hyper-arid, arid, semi-arid or dry-subhumid
climate conditions. In contrast to their perennial and semi-pe-
rennial counterparts, ephemeral fluvial systems developed un-
der the influence of such climatic regimes are dominated by
seasonal, highly variable discharge and episodic flash
flood-flow events as a direct response to strongly seasonal pre-
cipitation (Picard and High, 1973; Stear, 1985; Lange, 2005;
Shanafield et al., 2021). Flows in ephemeral rivers and streams
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eral stream is from 35 to 1,700 times higher than in perennial
ones. Thus, deposition of clastic material in dryland rivers is
controlled by poorly-confined to unconfined, sheet-like Newto-
nian flows as well as episodic, non-Newtonian pseudo-plastic
flows (including hyperconcentrated flows), both related to rapid,
high-discharge seasonal flood events (Karcz, 1972; Lange,
2005). These processes resulted in elements of fluvial architec-
ture which are in general dominated by upper flow regime
bedforms (i.e. parallel lamination), isolated erosional scours,
intraformational conglomerates and structures indicating
subaerial exposure of sediment (i.e. mud cracks, raindrop im-
prints; e.g., Picard and High, 1973; Colombera et al., 2013).
Recent studies have shown that continental sedimentary
basins, especially those developed in dryland settings, are
dominated by distributive fluvial systems (DFSs; Weissmann et
al., 2010; Owen et al., 2015). Morphologically, these aggra-
dational systems are characterized by (i) convex-up, lobate
(fan-shaped) topography (ii) radial pattern of river channels, (jii)
downstream decrease in channel depth and also (iv) bifurcation
of channels (Kelly and Olsen, 1993; Cain and Mountney, 2009;
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Fig. 1. Generalized facies map and extent of the Lower Permian in the NE Bohemian Massif and Central Western Europe
(modified after Holub, 1975; Oplustil and PeSek, 1998; Pokorski, 1998; Doornenbal and Stevenson, 2010; Kiersnowski, 2013;
Kiersnowski and Peryt, 2023), Early Permian world after Scotese (2013)

EFB — Eastern Fore-Sudetic Basin, LTB — Liplas-Tarnawa Basin, NSB — North Sudetic Basin, PKB — Pniewy-Ksigz WIkp. Basin, SB —
Stawkéw Basin, ZBB - Zielona Géra—Borzecin Basin; basins within and around the Bohemian Massif: BB — Blanice Basin, BoB — Boskovice
Basin with Miroslav occurence in south, ISB — Intra-Sudetic Basin, KPB — Karkonosze Piedmont Basin, KRB — Kladno—Rakovnik Basin, MB
— Manétin Basin, MHB — Mnichovo Hradisté Basin, MRB — MSeno—Roudnice Basin, OB — Orlice Basin, PB — Plzeri Basin

Weissmann et al., 2010). Such large-scale features of the flu-
vial system are an apparent result of dry climate and resultant
water losses (also referred to in the literature as "transmission
losses"), related to high rates of evapotranspiration and infiltra-
tion into the dry substrate/streambed (Lange, 2005; Shanafield
et al., 2021). In general, the deposits of DFSs preserved in the
rock record typically display gradual downstream decrease in
channel-fill elements and downstream increase in fine-grained,
sheetflood and floodplain deposits, respectively (Owen et al.,
2015; Priddy and Clarke, 2021). These spatial, basin-scale
trends are predominantly associated with downstream de-

crease in grain-size within a sedimentary succession. Addition-
ally, deposits of fluvial origin may co-occur and interact with co-
eval aeolian strata (Glennie, 1970; Al-Masrahy and Mountney,
2015; Priddy and Clarke, 2021).

In general, semi-arid to dry-subhumid continental climatic
conditions, characterized by a highly seasonal climate, were
typical of the early Permian Polish Rotliegend Basin area
(Kiersnowski, 1997; Karnkowski, 1999; Kiersnowski and
Buniak, 2016), forming the easternmost part of the Southern
Permian Basin (SPB) of Central Europe (Fig. 1). The Bohemian
Massif constituted one of the source areas bounding this
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depositional area to the south and south-west (Holub, 1972;
Doornenbal and Stevenson, 2010). Within and around the Bo-
hemian Massif, numerous fault-controlled extensional and
transtensional basins developed during the terminal phases of
the Variscan orogeny (Holub, 1975; Malkovsky, 1987,
Mastalerz, 1996; Oplustil and PeSek, 1998; Uli¢ny et al., 2002;
Wojewoda et al., 2016). The NW-SE-trending Intra-Sudetic Ba-
sin (ISB) constituted one of several such semi-enclosed,
fault-bounded depressions. The Permian volcano-sedimentary
succession of this basin shows a distinct, large-scale cyclic
structure and comprises successive, fining-upwards continen-
tal megasequences (cf. Nemec et al., 1982; Mastalerz et al.,
1993; Awdankiewicz et al., 2003). This megacyclic structure is
thought to have originated from tectonic activity and is attributed
to relatively rapid, fault-controlled subsidence of the basin floor
(Nemec et al., 1982; Wojewoda and Mastalerz, 1989).

This study interprets the continental red-bed assemblage of
the early Permian (?Asselian) deposits of the lowermost
Krajanéw Formation, which constitutes one of these fining-up-
wards megasequences. The Krajanéw Formation is predomi-
nantly exposed within the easternmost, proximal region of the
Intra-Sudetic Basin. The overaching objective of this paper is to
improve understanding of the early Permian palaeogeography
and depositional history of the Intra-Sudetic Basin based on in-
tegrated outcrop-scale sedimentological studies, palaeocurrent
measurements, and facies- and architectural-element analysis.
Additionally, the authors critically discuss the role of tectonic ac-
tivity and contemporary climate change during deposition of the
lowermost Krajanéw Formation in the Intra-Sudetic Basin.

GEOLOGICAL SETTING

The Krajanéw Formation occupies the lowermost part of the
early Permian (?Asselian) succession in the Polish part of the
NW-SE-trending Intra-Sudetic Basin situated within the
Sudetic Block, at the NE periphery of the Bohemian Massif
(Fig. 2). The Intra-Sudetic Basin developed since the middle to
early late Viséan, at ~333-335 Ma (Turnau et al., 2002), as a
narrow intramontane trough and underwent complex evolution
from the early Carboniferous to the Late Cretaceous
(Augustyniak and Grocholski, 1968; Nemec et al., 1982;
Awdankiewicz et al., 2003). During the early Carboniferous
(middle-early late Viséan?, cf. Turnau et al., 2002), the northern
and western sectors of the trough were filled with
coarse-grained clastic sediments, interpreted as piedmont-like,
alluvial fan and braided-river deposits (Teisseyre, 1975;
Dziedzic and Teisseyre, 1990). The resultant, lowermost part of
the Carboniferous succession shows a large-scale cyclic struc-
ture and is subdivided into the Ciechanowice, Figlow, Nagoérnik,
Stare Bogaczowice and Lubomin formations (Nemec et al.,
1982). During the late Viséan, the northern parts of the ISB
were flooded by a relatively shallow sea (Zakowa, 1958). Along
the northern margin of the Basin there developed a system of
fan deltas and small-radius fans, which encroached into the ma-
rine embayment (Mastalerz, 1995). The upper Viséan-lower
Serpukhovian (Gorecka-Nowak et al., 2021) marine and deltaic
deposits are distinguished in this part of the ISB as the
Szczawno Formation. The overlying upper Carboniferous de-
posits, assigned to the Watbrzych, Biaty Kamien and Zacler for-
mations, consist of predominantly fluvial, coal-bearing succes-
sions (Nemec, 1984; Mastalerz, 1996; Kurowski, 1998). These
successions are overlain by the Glinik Formation, which repre-

sents deposits of braided and meandering rivers (lhnatowicz,
2005). The overlying, fining upwards cyclothem of the
Ludwikowice Formation consists of typical red bed-type depos-
its accumulated in alluvial-fan, fluvial and lacustrine settings
(Mastalerz et al., 1993; Wojcik-Tabol et al., 2021; Nowak et al.,
2022).

During the early Permian the ISB constituted a semi-en-
closed, southwestern outlier of the Polish Rotliegend Basin
(Southern Permian Basin of Central Europe; Fig. 1). The Perm-
ian, non-marine sedimentary-volcanogenic succession of the
ISB exhibits a distinct, large-scale cyclic structure and com-
prises three successive, fining-upwards continental mega-
sequences up to 700 m-thick in total (Nemec et al., 1982;
Awdankiewicz et al., 2003). These megasequences include the
lower Permian (Asselian—Sakmarian) deposits, which are tradi-
tionally distinguished as three formations: the Krajandw,
Stupiec and Radkéw formations (Fig. 3). These formations are
mainly composed of alluvial fan and fluvial deposits in their
lower to middle parts, and fluvial/deltaic to lacustrine deposits in
the uppermost parts (Nemec et al., 1982; Wojewoda and
Mastalerz, 1989). Such megacyclic structure of the Permian
basin fill is thought to have originated from tectonic activity and
is attributed to relatively rapid, fault-controlled episodic subsi-
dence of the basin floor (Nemec et al., 1982; Wojewoda and
Mastalerz, 1989). The basin infilling was interrupted several
times by late Carboniferous to early Permian, polymodal volca-
nic and subvolcanic activity as well as tectonic deformation
(Awdankiewicz, 1999, 2022). The latter is reflected in several
hiatuses in the sedimentary record. The main recognized
breaks in deposition took place especially during the Gzhelian
(Intra-Stephanian/Franconian tectonic event according to
Oplustil et al., 2016) and during the Sakmarian (Saale tectonic
event; Oplustil et al., 2016). The first hiatus is linked by some
authors with the first stage of Intra-Sudetic Basin inversion
(Zelazniewicz et al., 2011). The Permian sedimentary succes-
sion of the ISB is discordantly overlain by clastic deposits as-
signed to the Lower Triassic (i.e. Buntsandstein). Early Triassic
siliciclastic deposition in the Intra-Sudetic Basin was dominated
by fluvial sedimentation within a gently sloping alluvial plain,
drained by shallow, braided rivers towards the northwest and
north (Mroczkowski and Mader, 1985; Kowalski, 2020). After a
~140 My break in sedimentation, the lower Triassic deposits
were discordantly overlain by Upper Cretaceous marine strata
which attain a thickness of up to 400 m in the Intra-Sudetic area
(Wojewoda, 1997; Kowalski, 2021). The maximum strati-
graphic thickness of the basin infill reaches ~11,000 m (Nemec
et al., 1982; Fig. 3).

The Intra-Sudetic Basin is currently intepreted as a large-scale
inverted synclinorial unit, ~70 km long and 35 km wide, and
termed the Intra-Sudetic Synclinorium (Oberc, 1972; Zelazniewicz
and Aleksandrowski, 2008; Zelazniewicz et al., 2011). This geo-
logical unit has a present-day areal extent of ~1800 km?. Its cur-
rent tectonic structure is an apparent result of Late Creta-
ceous—early Paleogene and Neogene compressional tectonic
events (Oberc, 1972; Zelazniewicz et al., 2011; Gluszynski and
Aleksandrowski, 2022). These events led to inversion and signifi-
cant tectonic deformation of the basin infill which was dissected by
mainly NW-SE and NE-SW-trending fault systems. It has been
widely considered that some of these faults were active during in-
filling of the basin as well as controlling the intra-basinal magmatic
activity during the Carboniferous-Permian (Augustyniak and
Grocholski, 1968; Awdankiewicz, 2022).
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ISB — Intra-Sudetic Basin, SD — Swiebodzice Depression, SMM — Sowie Mts. Massif, KM — Karkonosze Massif, EKU — Eastern Karkonosze
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THE KRAJANOW FORMATION

Deposits of the Krajanéw Formation have been described in
geological reports (Dziedzic, 1959, 1961; Don, 1961) and
shown on detailed geological maps since the early 20th century
(Dathe, 1904a, b; Wojcik, 1958; Gawronski, 1959; Krechowicz,
1964; Krechowicz and Kisielewski, 1965; Cymerman et al.,
2015a; lhnatowicz et al., 2017a). Regional investigations and
explanations to geological maps interpreted these deposits typ-
ically as fluvial in origin (Don, 1961; Dziedzic, 1961;
Krechowicz, 1965; Oberc and Wdjcik, 1965; Krechowicz and
Berezowska, 1968; Cymerman et al., 2015b; lhnatowicz et al.,
2017b). One of the exposures analysed in this paper (loc. 4)
was described by Kurowski (1993, 1995) during conference
field trips, but no comprehensive sedimentological study of the
Krajanéw deposits was conducted.

The stratigraphic position of the Permian deposits in the
Intra-Sudetic Basin remains still uncertain and poorly con-
strained, mainly due to a lack of fossils and poor
chronostratigraphic evidence generally. The Krajanéw Forma-
tion is considered currently as the lowermost lithostratigraphical
unit in the Polish part of the Permian Intra-Sudetic Basin. Al-
though the Krajanéw Formation has been regarded as lower-
most Permian (?Asselian), the real position of the Carbonifer-
ous-Permian boundary is still a matter of debate. From
palynological studies, the uppermost portion of the underlying
Ludwikowice Formation (the so-called Lower Anthracosia
Shale) is assigned variously to the lowermost Permian and/or to
the uppermost Carboniferous (Gorecka, 1981; Jerzykiewicz,
1987; Gorecka-Nowak, 1995). The contact between the
Ludwikowice and Krajanéw formations is probably unconform-
able and relates probably to a minor depositional gap/uncon-
formity (Don, 1961). The Krajandw Formation is relatively well
exposed in its eastern part (the study area), and poorly exposed
in the western part of the basin. The lateral stratigraphic equiva-
lent of the Krajanéw Formation — the Be¢kov Member — is as-
signed to the uppermost (Autunian or Asselian) part of the
Chvale¢ Formation in the Czech Republic, in the southwestern
part of the Basin (Oplustil et al., 2016). The underlying
Vernéfovice Member is a stratigraphic equivalent of the
Ludwikowice Formation in the Polish part of the ISB, and is
dated as Stephanian C (Gzhelian).

The Krajanéw Formation is composed of fluvial, playa-like
and lacustrine deposits which form a fining-upwards
megasequence up to 420 m in thickness (Mastalerz et al.,
1993). Deposits of the lowermost part of the formation are rep-
resented by a fluvial red bed assemblage of conglomerates and
coarse-grained sandstones which have traditionally been sub-
divided into two informal lithostratigraphic members: the
so-called “lydite conglomerate” in the area between Nowa Ruda
and Stupiec to the south-east, and the “quartzite conglomerate”
between Nowa Ruda and Swierki to the northwest (Don, 1961).
This division was first proposed by early German geologists
(Dathe, 1904a, b) based on the petrographic composition of
gravel clasts in the conglomerates, and supported also by Don
(1961) and Dziedzic (1961). According to the latter authors the
two conglomerate members interfinger in the vicinity of Nowa
Ruda. According to Mastalerz et al. (1993) and Awdankiewicz
et al. (2003) the Krajanéw Formation was deposited in a
braided fluvial system related to NW-SE elongated
palaeovalleys and systems of transverse alluvial fans. Based
on the results of sedimentological logging at loc. 4 (see Fig. 2
and the section sedimentary facies and their environmental in-
terpretation in this paper), Kurowski (1993, 1995) stated that
deposition of the lowermost Krajanéw Formation occurred

“along a very gently inclined sand-mud plain” by a NW-, N- and
NE-flowing fluvial system dominated by shallow, wide and fre-
quently shifting alluvial channels.

The middle third of the formation is characterised by
fine-grained, reddish-brown sandstones, siltstones and clay-
stones with minor limestone intercalations related to playa-like
and ephemeral lake-margin systems. The uppermost part of
the Krajanow Formation, distinguished informally as the Upper
Anthracosia Shale (Nemec et al., 1982), poorly exposed in
proximal to medial regions of the basin, is characterized by
mudstone-dominated siliciclastic deposits, representing red to
greyish, argillaceous, argillaceous-pelitic and argillaceous-car-
bonate sediments (Lorenc, 1993). This member accumulated in
a floodplain-to-ephemeral (“terminal”’) lacustrine setting
(Mastalerz and Nehyba, 1997; Kurowski, 2004) during expan-
sion of ephemeral lakes. The deposits are interbedded with
fine-grained calcareous deposits, enriched in organic matter
and traditionally termed “black shales” (Lorenc, 1993; Nowak,
1998, 2007; Wojcik-Tabol et al., 2021; Nowak et al., 2022). The
latter deposits reflect anoxic bottom conditions in the Carbonif-
erous and Permian lakes in the ISB. The vertical and lateral
transitions between fluvial and lacustrine systems of the medial
to distal setting of the basin are poorly exposed and known
mostly from borehole logs (Miecznik, 1989).

MATERIAL AND METHODS

The region selected for study is situated in the eastern sec-
tor of the Intra-Sudetic Basin, built chiefly of Carboniferous and
Permian deposits, in the vicinity of Ludwikowice Ktodzkie,
Jugoéw and Nowa Ruda. The lowermost part of the Krajandw
Formation is relatively well exposed in this area; exposures in-
clude several small, abandoned quarries as well as road and
railway cuttings. The succession studied crops out within belts
trending NW-SE, parallel or subparallel to the Gluszyca Fault
that bounds the present structure of the Intra-Sudetic Basin to
the east (Fig. 2).

Sedimentological analysis of the lowermost Krajanéw For-
mation was conducted in 56 selected exposures grouped here
into 7 representative sites to characterise the textural and struc-
tural features of the deposits and to identify depositional pro-
cesses. Despite insufficient exposure of the lowermost part of
the formation, especially in relation to its bulk thickness
(~420 m), a cumulative measured thickness of logged sections
reached ~40 m. Sedimentological studies of exposures in-
cluded macroscopic recognition, description, classification and
detailed characterization of lithofacies, as well as vertical log-
ging of the rock texture and sedimentary structures. The maxi-
mum particle sizes (MPS) within the individual sedimentary
units were recorded. The distinction, description and coding of
lithofacies follows a widely used scheme by Miall (1996). Spe-
cial attention was given to the geometry, arrangement and
stacking pattern of sedimentary units, including their lateral and
vertical variation. Photomosaics and interpretive sketches were
made for the largest exposures with the use of Hugin-Pan-
orama Editor software. Series of photographs were taken with
20-30% overlap between individual shots. Photomosaics were
connected with the use of a cylindrical projection which pre-
serves vertical and horizontal lines.

Lithofacies distinguised at sites studied were grouped into
architectural elements of a fluvial system according to
standarised criteria proposed by Miall (2014) and slightly modi-
fied by North and Taylor (1996) for the purposes of ephemeral
fluvial system characterisation. The fluvial architectural ele-
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ments were grouped into three main categories referred in this
paperto as A, B and C. The exposure-scale geometry of the ar-
chitectural/depositional elements distinguished and their main
bounding surfaces are shown in this study on photomosaics
and outcrop sketches. We estimated proportions of thickness
(%) of the architectural elements distinguished, measured in
vertical exposed sections.

Directional palaeocurrent data, based on cross-stratification
and palaeochannel axes, were plotted as rose diagrams allow-
ing for the tectonic tilt of the strata. The directions of individual
palaeochannel axes and orientations of cross-stratification are
shown in the sedimentological logs and were compiled for se-
lected exposures. Macroscopic descriptions of sedimentary
units were supplemented with petrographic analysis of
gravel-size clasts in selected sections. The individual pebbles,
ranging in diameter from 16 to 256 mm, were assigned into
classes according to their lithology. For selected lithological va-
rieties, thin-sections were made and analysed with the use of a
Nikon Eclipse LV100N POL polarizing microscope. Data de-
rived from the sections was complemented with analysis of se-
lected borehole data (Fig. 4), described in detail by Miecznik
(1989) and available online from the Polish Geological Survey's
National Geological Repository (CBDG).

RESULTS

THE KRAJANOW FORMATION — LITHOLOGY AND PETROGRAPHY

Most of the sections of the lowermost Krajanow Formation
studied are dominated by well-cemented, red-brownish to pink
and locally red-greyish, cross- and horizontally-stratified sand-
stones with composite beds of conglomerate (Fig. 5A). Con-
glomerate lithofacies prevail in the lowermost portion of the unit
and in the proximal part of the basin. Sporadic, discontinuous
interlayers and intraclasts of dark-brown to reddish mudstone
and fine-grained sandstone were observed.

The Krajanéw sandstones are arkosic/subarkosic to lithic
arenites. Depending on the location, the sandstones differ
slightly in the degree of sorting and in the proportions of the
petrographic components. The sandstones display a compact
framework and low to medium petrographic maturity (Fig. 5B).
Most of the components are grains of fine- to medium-grained
sand, and subordinately coarse-grained sand. In terms of
petrographic composition, more than half of the grains are
monocrystalline quartz (57-64%), followed by quartzite
(7-24%) and feldspar (9—-26%), in places rhyolite grains have a
considerable share (6%). The degree of rounding of quartz and
feldspar grains is usually low: they are predominantly very an-
gular to sub-angular, occasionally larger grains are sub-round-
ed (Fig. 5B). Monocrystalline quartz grains exhibit wavy and
patchy extinction. The feldspars are mostly beige to light brown,
partly kaolinized, some grains have hypautomorphic outlines.
Individual grains show polysynthetic twinning. Lithic grains are
mostly sub-angular to sub-rounded, while there are individual
angular gneiss and rhyolite grains, while a few larger grains of
quartzite and rhyolite are rounded. The grain framework is ce-
mented by a ferruginous matrix that gives the rock a character-
istic reddish to brownish colour.

The polymictic conglomerates occurring as composite beds
within the sandstones are typically clast-supported, less often
matrix-supported. A petrographic study (Table 1) carried out in
6 selected locations (loc. nos. 1-4 and 6—7; cf. Fig. 2), shows
that the beds of conglomerate are dominated by quartz (32.9%
of clasts in total in all locations examined) and quartzite

(31.7%). They are followed by clasts of Carboniferous sand-
stone (probably those of the underlying Ludwikowice and Glinik
formations, 12.7%; cf. Don, 1961). The remaining inventory of
the gravel fraction >2 cm consists of lydites (7.5%), rhyolites
(6.8%), gneisses (3.6%), muddy to fine-grained sandstone
intraclasts (2.2%) and other volcanic rocks (1.3%). Below 1% is
the content of volcanic tuff, greenstone and chlorite schist,
other metamorphic rocks and gabbro (Table 1). In general, rhy-
olite and gneiss clasts are angular to subangular, while quartz,
quartzite and lydite clasts range from moderate to well rounded
(Fig. 5C).

SEDIMENTARY FACIES AND THEIR
ENVIRONMENTAL INTERPRETATION

Twenty-one lithofacies have been distinguished and
grouped into three lithofaces associations within the part of the
Krajanéw Formation studied. They are summarised in Table 2
and shown on representative sedimentary logs from localities
nos. 1-4 and 6-7 (Figs. 6 and 7).

LITHOFACIES DESCRIPTION AND INTERPRETATION

GRAVELLY LITHOFACIES ASSOCIATION

Clast-supported, massive (Gecm) and graded (Gmg)
conglomerates. This lithofacies typically comprises moder-
ately to well sorted conglomerate with pebble- to cobble-sized
clasts up to 20 cm in size (Fig. 8A). The conglomerates are ar-
ranged into lenticular or sheet-like, typically amalgamated
beds, with thicknesses of 0.1 to 0.6 m. The lower boundaries of
beds are always sharp, flat or concave-upwards and erosional,
whilst the upper ones are gradational; lithofacies Gecm typically
passes upwards into the St/SGt, Sp/SGp, Sm, Sh or Sl
lithofacies (Figs. 6 and 7). Clast fabric within conglomeratic
beds appears to be chaotic, but locally conglomerates reveal in-
distinct normal grading (lithofacies Gmg). In the lower parts of
beds disc-shaped clasts are locally imbricated (a (t) b (i) fabric;
lithofacies Gmg).

Interpretation. The conglomerates represent de-
posits of the bottom, aggradational parts of braided river chan-
nels (Collinson, 1996; Bridge, 2009). The lowermost parts of
beds composed of the Gem lithofacies are interpreted as relic
deposits of strong, erosive water flow and sediment bypass
forming channel-floor lags. The ungraded beds of Gem facies
may include deposits of low-strength, pseudoplastic debris
flows entering abandoned (?) braided river channels (Miall,
1996). The thicker beds of Gmg conglomerate with flat bases
were deposited as bedload, possibly at the base of unidirec-
tional, high-energy (flood?) flows (Collinson, 1996).

Horizontally-stratified conglomerates (Gh) and sandy
conglomerates (GSh). Deposits of lithofacies Gh/GSh contain
predominantly clast- to matrix-supported conglomerate, poorly
to well sorted, dominated by pebble- to cobble-sized clasts. The
conglomerate is arranged into discontinuous beds, a few clasts
thick, with crude horizontal or nearly horizontal bedding
(Fig. 8B, C). Disc-shaped pebbles in the lower parts of beds are
usually imbricated (a (t) b (i) fabric). This lithofacies passes typi-
cally upwards into the Sm, Sh or Sl lithofacies.

Interpretation.Lithofacies Gh/GShis interpreted to
have formed as diffuse gravel sheets (Hein and Walker, 1977)
which further accreted into gravel bedforms by vertical/lat-
eral/downstream growth during episodes of high-energy flow
and sediment discharge (Rust, 1972; Miall, 1996). Solitary beds
of the Gh/GSh lithofacies are interpreted as channel-floor lags.
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Fig. 4. Main lithological and petrographic features of the lowermost Krajanéw Formation
exposed in the eastern Intra-Sudetic Basin

A —repetitively stacked sandstone and conglomerate beds bounded by flat or concave-upwards erosional surfaces (loc. 4); B — microscopic
view of Krajanéw arkose/subarkose to lithic arenite composed mainly of angular to subangular quartz (Qtz), feldspar (Kf), plagioclase (PI)
and rhyolite (Ry) grains cemented by a ferruginous matrix. Note the low petrographic maturity of the sandstone; C — conglomerate bed with
well-rounded pebbles of lydite (Ly), greenish quartzite (Q), milky quartz (Qtz) and an angular to subrounded clast of reddish-brown sand-
stone (S)
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Table 1

Lithological composition of gravel clasts from the conglomer-
ates of the lowermost Krajanéw Formation

Lithology Number of clasts | percent [%]
quartz 378 32.9
quartzite 330 31.7
Carboniferous sandstone 162 12.7
lydite 73 7.5
rhyolite 59 6.8
gneiss 30 3.6
mudstone intraclast 20 2.2
other volcanic 15 1.3
greenstone + chlorite schist 5 0.6
volcanic tuff 5 0.5
other metamorphic 2 0.1
gabbro 1 0.1
total 1080 100

Matrix supported, massive conglomerates (Gmm). This
lithofacies is composed of poorly to moderately sorted ma-
trix-supported conglomerate (Gmm), typically intraformational
(Fig. 8D), which does not display any internal structure
(Fig. 8E). The clasts are supported by a poorly sorted matrix of
medium- to coarse-grained sand. Beds of conglomerate are up
to 0.3 m thick, and are laterally discontinuous/lens-shaped. The
lower and upper boundaries of beds are typically sharp but
non-erosional. Bases of Gmm beds are locally loaded (Fig. 8E)
and display more complex, soft-sediment deformation struc-
tures (Fig. 8F). The latter include isolated, loaded angular clasts
of matrix-supported conglomerate, up to 20 cm in length, ac-
companied by silty to clay matrix injected from the underlying
strata.

Interpretation. The Gmm lithofacies is interpreted
as deposits of high-strength debris-flows supported by pore
fluid pressure/cohesion and dispersive pressure (Collinson,
1996; Miall, 1996). This lithofacies represents gravity flow
sheets and lobes which entered pre-existing alluvial channels
(Miall, 1996). Soft-sediment deformation structures and load
structures developed within lithofacies Gmm are interpreted as
a result of bank collapse in an active river channel (e.g., Priddy
et al., 2021).

Planar cross-stratified conglomerates (Gp) and sandy
conglomerates (GSp). Deposits of the lithofacies Gp/GSp
contain clast- to matrix-supported, poorly sorted conglomerate
dominated by granule to cobble-sized clasts. The conglomerate
is arranged into planar (tabular) cross-stratified sets bounded
by nearly flat, sharp erosional surfaces (Fig. 8G). Cross-strati-
fied bed sets are relatively thin, range in thickness between 0.2
and 0.4 m and are up to several metres wide. The planar
cross-stratified sets contain pseudo-imbricated, dark-brown or
reddish sandstone intraclasts, up to 10 cm long.

Interpretation.Lithofacies of Gp/GSp were formed
under unidirectional aqueous currents during migration of
straight-crested, 2D gravelly dunes as midchannel transverse
or linguoid bedforms (Miall, 1977).

Trough cross-stratified conglomerates (Gt) and sandy
conglomerates (GSt). Deposits of this lithofacies typically
comprise poorly to moderately sorted, clast- to matrix-sup-
ported conglomerate dominated by the pebble- to cobble-sized
fraction supported by a coarse-grained sand matrix. Gravel
clasts are up to 24 cm in diameter. The internal architecture of

the Gt/GSt lithofacies comprises lenticular beds with a thick-
ness of 0.2 to 0.5 m, with sharp, erosional concave-up bases
(Fig. 8H). The upper boundaries of beds are gradational. In the
lower parts of beds, clasts are sporadically imbricated.
Interpretation. This lithofacies formed under unidi-
rectional water currents during migration of sinuous-crested, 3D
gravelly dunes as midchannel transverse bedforms (Harms et
al., 1975; Collinson, 1996). Locally, deposits of lithofacies Gt
and GSt may represent infills of minor channels (Miall, 1977)

SANDY LITHOFACIES ASSOCIATION

Massive sandstones (Sm). Deposits of this lithofacies
comprise medium- to coarse-grained, poorly to moderately
sorted sandstone with scattered sub-rounded and well-rounded
granule- to pebble-sized clasts. Macroscopically, beds of sand-
stone do not display any internal structures and appear to have
been homogenized (Fig. 9A). They typically overlie conglomer-
ate of Gem lithofacies or underlie the Gh/GSh lithofacies. The
beds of sandstone display medium- to large-scale lenticular ge-
ometry with lateral extents of up to 2 m. The beds range in thick-
ness between 0.2 and 0.4 m.

Interpretation. The massive, internally homoge-
nized ("structureless") sandstones are interpreted as the result
of a sudden discharge of transported clastic material, probably
from rapid suspension fallout (Horn et al., 2018; Kedzior and
Popa, 2018). Massive sandstones may be also related to rapid
collapse of a subaqueous sandy bedform and/or sediment
fluidization.

Large-scale cross-stratified sandstones and conglom-
eratic sandstones (Sl, SGI). This lithofacies consists of me-
dium- to very coarse-grained, moderately sorted sandstone
with scattered sub- to well-rounded granule- to cobble-sized
grains. The sandstones are arranged into low-angle, planar
cross-stratified bed sets, a few metres wide and up to 1 m thick.
The dip of low-angle foresets varies from 3 to 15°, but com-
monly is <10°. Bases of the beds are predominantly gradational
(Fig. 8E, F).

Interpretation. Thelow-angle cross-stratified sand-
stones are interpreted as washed-out dunes and/or antidunes,
which generally formed at the transition from subcritical to
supercritical unidirectional flow (Miall, 1996; Kedzior and Popa,
2018).

Horizontally to subhorizontally stratified sandstones
(Sh). Deposits of lithofacies Sh comprise medium- to
coarse-grained, red to pink sandstone with scattered sub- to
well-rounded granule-sized grains. The sandstone is typically
moderately to well sorted. The lithofacies is characterized by flat
or nearly flat or low angle (<5°) parallel lamination ranging in
thickness between 2 mm and 5 mm, arranged into tabular sets
up to 0.2 m-thick (Fig. 9A, B). Sets of Sh lithofacies display lat-
erally extensive, either flat or irregular, non-erosional bases and
tops. The lateral extent of beds reaches a few metres or may
exceed the exposure limits. In loc. nos. 2 and 7, horizontally
stratified sandstones are underlain by conglomerates of
lithofacies Gem or Gh which infill shallow, trough-shaped ero-
sional scours (Fig. 8B). On the upper bedding planes of hori-
zontally stratified sandstones, primary current lineation is visible
(Fig. 9A). Obstacle scours related to pebbles resting on the up-
per bedding planes have been also observed. Some deposits of
lithofacies Sh contain discontinuous and thin (up to 2 mm)
intrasets of dark brown mudstone (facies Fm/FSm) to
fine-grained sandstone draped with a micaceous film (Fig. 9B).

Interpretatio n.Lithofacies Sh, with parting lineation
and current crescent scours on bedding planes, reflects high
stream energy (Harms et al., 1975). This lithofacies was depos-
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Table 2

Summary of lithofacies distinguished within the lowermost Krajanéw Formation

Facies
associations

Lithofacies

Lithology and texture

Sedimentary structures
and other features

Interpretation

Gravell
lithofacies
association
(A)

Gem, Gmg

Clast-supported, massive (Gcm)
and graded (Gmg)
conglomerates, moderately- to
well-sorted

Structureless (Gem) or crude

normal grading (Gmg),
imbrication and pebble alignment
in the lower parts of beds

parts of braided river channels (Gem,

flows (Gem) entering abandoned (?)

Deposits of bottom, aggradational

Gmg), and/or deposits of
low-strength, pseudoplastic debris

braided river channels (Miall, 1996;
Collinson, 1996)

Gh, GSh

Clast- to matrix-supported con-
glomerates, poorly to well
sorted, scattered muddy and
sandy intraclasts

Crude horizontal or nearly hori-
zontal stratification. Imbricated
pebbles in the lower parts of
beds (a (t) b (i) fabric)

Diffuse gravel sheets (Hein and
Walker, 1977). Relic deposits of
strong, erosive water flow and sedi-
ment b Fgass forming channel-floor
lag (Rust, 1972; Miall, 1996)

Gmm

Poorly to moderately sorted,
matrix-supported conglomerate,
typically intraformational. Clasts
supported b¥ a poorly sorted
matrix of medium- to
coarse-grained sand

Lack of any internal structure,

non-erosional, sharp boundaries
of beds

Deposits of high-strength de-
bris-flows supported t?jy(fore fluid
pressure/cohesion and dispersive
pressure (Collinson, 1996). Gravity

flow sheets and lobes entering
pre-existing alluvial channels (Miall,
1996)

Gp, GSp

Clast- to matrix-supported,
dpoorly sorted conglomerate
ominated by granule to cob-
ble-sized clasts

Planar (tabular) cross-strata sets
bounded by nearly flat, sharp
erosional surfaces.
Pseudo-imbricated, dark-brown
or reddish sandstone intraclasts,
up to 10 cm in length

Migration of straight-crested, 2D
giravelly dunes as a transverse or
inguoid bedforms (Harms et al.,
1975; Miall, 1977)

Gt, GSt

Poorly to moderately sorted,
clast- to matrix-supported con-
glomerate dominated by pebble-
to cobble-sized fraction

Lenticular beds with a thickness
of 0.2 to 0.5 m, sharp, erosional
concave-up bases. The upper
boundaries gradational. In the
lower parts of beds imbricated
clasts (a (t) b (i) fabric)

Migration of sinuous-crested, 3D
gravelly dunes as a transverse
bedforms (Harms et al., 1975; Miall,
1977)

Sandy
lithofacies
association
(B)

Sm

Medium- to coarse-grained,
poorly to moderately sorted
sandstone with scattered
sub-rounded and well-rounded
granule to pebble-sized clasts.

Lenticular geometry of beds with
lateral extent of up to 2 m and
thickness between 0.2-0.4 m.

Lack of internal structure.

Sudden discharge of transported
clastic material, probably from rapid
suspension fall out from a traction
carpet (Horn et al., 2018; Kedzior
and Popa, 2018) and/or rapid col-
lapse of a subaqueous sandy
bedform, sediment fluidization.

SI, SGI

Medium- to very
coarse-grained, moderately
sorted sandstones with scat-

tered sub- to well-rounded gran-
ule to cobble-sized grains

Low-angle, planar cross-stratified
bed sets, a few metres wide and
up to 1 m thick. The dip of
low-angle foresets from 3 to 15°,
commonly <10°. The bases of
beds predominantly gradational

Washed-out dunes and/or antidunes,
formed at the transition from
subcritical to supercritical unidirec-
tional flow (Miall, 1996; Kedzior and
Popa, 2018)

Sh

Fine to coarse-grained sand-
stones, moderately to well
sorted, scattered granules

Parallel or nearly parallel hori-
zontal stratification, tabular sets
of up to 0.2 thick, laterally exten-

sive, either flat or irregular,
non-erosional bases and tops

Plane-bed transport in the upper flow
regime conditions, at the transition
from subcritical to supercritical flow
(Harms et al., 1975), flow velocities
of ~1 m/s and depths of 0.25-0.5 m
(Miall, 1996). Individual bed of the
Sh interpreted as a result of single,

flash flood event (Miall, 1996

Sx

Fine to medium-grained sand-
stones, moderately to well
sorted

Low-angle, nearly symmetri-
cal/undulating laminae arranged
into cross-stratified bed sets with

flat erosional bases. The thick-
ness of up to 15 cm

Propagation of nearly symmetrical,
low-amplitude antidunes under
supercritical flow conditions. High
rates of aggradation (Cartigny et al.,
2014)

St, SGt

Medium- to coarse-grained

sandstones with dispersed,

subangular to well-rounded
granule to pebble-sized clasts

Trough cross-stratification,
pseudoimbrication of scattered
pebbles resting on bedform lee

side, reactivation surfaces

Migration of sinuous-crested,
linguoid or crescentic 3D sandy
dunes, forming mid-channel bars or
their core parts. Upper limits of the
lower flow regime, deposition under
unidirectional, aqueous currents
(Miall, 1977; Leclair and Bridge,
2001)

Sp, SGp

Medium- to very

coarse-grained, poorly to mod-
erately sorted sandstone with

dispersed, sub-rounded and
well-rounded granule to peb-
ble-size clasts. Scattered red-

dish and purple sandy
intraclasts, abundant locally

Planar cross-stratification,
pseudoimbrication of scattered
pebbles resting on bedform lee
side, low-angle reactivation sur-

faces

Migration of straight-crested, 2D
dunes accreted to midchannel bars
or acting as transverse/oblique unit
bars. Deposition under medium part
of lower-flow regime under unidirec-
tional aqueous currents (Collinson,

1970; Miall, 1977)

Sr

Very fine to medium-grained,
well-sorted sandstone

Asymmetrical ripple cross-lami-
nation; undulatory and linguoid
ripple forms. Cross-laminated

sets with a thickness from 2 cm

to 6 cm, the lamination occasion-
ally marked by admixture of silt

Migration of subaqueous, rip-
ple-scale, linguoid bedforms in the
lowermost part of the lower flow re-

ime, under unidirectional current.
ipples migrated at low flow speed
(<1m/s) (Miall, 1996)

Muddy
lithofacies
association
(©)

Fm, FSm

Dark brown to reddish-brown
mudstones with sporadic inter-
calations of very fine- to fine
grained, red-pinkish sandstone

Massive structure, the sandy
mudstones occasionally reveal
horizontal lamination. Discontinu-
ous lenses and sheets which
range in thickness from 2 mm to
0 cm and widths of a few
metres. The lower boundaries
are predominantly gradational,
whilst the upper ones are often
erosional. Discontinuous lenses
at the bases of fluvial
palaeochannels. Locally

bioturbated

Deposition from suspension in local
depressions in floodplain ephemeral
ponds/lakes. Channel abandonment

and its subsequent drying
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ited under upper flow regime conditions, at the transition from
subcritical to supercritical flow (Bridge and Best, 1988), with
flow velocities of ~1 m/s and depths of 0.25-0.5 m (Miall, 1996).
Primary current lineation, oriented parallel to flow, is a result of
the “streaky” structure of the viscous sublayer (Allen, 1982;
Bridge, 2009). Individual beds of the Sh lithofacies are inter-
preted as deposits of single, flash flood events (Miall, 1996).
Plane-bed transport in the upper flow regime included sheet
floods in overbank and inter-channel areas.

Sandstone with small-scale sigmoidal cross-stratifica-
tion (Sx). Deposits of lithofacies Sx comprise fine to me-
dium-grained, moderately to well sorted sandstone. The
lithofacies is characterised by low-angle, nearly symmetri-
cal/undulose laminae arranged into cross-stratified bed sets
with flat erosional bases (Fig. 9C). The beds reach a thickness
of up to 15 cm. The Sx lithofacies is typically followed by Fm and
FSm lithofacies.

Interpretation. Facies Sx records propagation of
nearly symmetrical, low-amplitude antidunes formed in super-
critical flow conditions with Froude numbers 1.0 < 1.8 (Cartigny
et al., 2014). Such antidunes generally have stationary crests
and troughs, developing in-phase with the water surface during
flash flood conditions. Preservation of symmetrical bedforms
suggests high rates of aggradation.

Trough cross-stratified sandstones (St) and conglom-
eratic sandstones (SGt). Deposits of the St/SGt lithofacies
contain medium- to coarse-grained, poorly to moderately sorted
sandstone with dispersed, subangular to well-rounded granule-
to pebble-sized clasts. Trough cross-stratified bed sets are
characterized by lenticular geometry, concave-up erosive
bases and flat or nearly flat tops. The bed sets range in thick-
ness between 0.1 and 0.5 m and their lateral extent reaches a
few metres (Fig. 9D). The trough cross-stratified sandstones
are commonly interbedded with fine-grained sandstones con-
taining mudstone and siltstone interlayers (lithofacies FSm and
SFm). Reddish and purple rip-up intraclasts composed of fine
sand occur locally in the tops of beds.

Interpretation. Lithofacies St/SGt is interpreted as
reflecting the migration of sinuous-crested, linguoid or crescen-
tic 3D sandy dunes, that formed mid-channel bars or their core
parts. These lithoacies were deposited in the upper limits of the
lower flow regime under unidirectional water currents (Miall,
1977).

Planar cross-stratified sandstones (Sp) and conglom-
eratic sandstones (SGp). Deposits of lithofacies Sp and SGp
contain medium- to very coarse-grained, poorly to moderately
sorted sandstone with dispersed, sub-rounded and well-
rounded granule- to pebble-sized clasts. Cross-stratified bed
sets reveal medium- to large-scale lenticular geometry with lat-
eral extents of up to 4 m that are bounded by nearly flat, ero-
sional surfaces (Fig. 9D). Scattered reddish and purple sandy
intraclasts are locally abundant, especially at the bases of
cross-stratified sets. The bed sets range in thickness between
0.2 and 0.5 m. Planar cross-strata sets, especially at locality 4,
show internal low-angle reactivation surfaces.

<
<

Interpretation. Facies Sp and SGp were formed
during migration of straight-crested, 2D dunes accreted to
midchannel bars or acting as transverse/oblique unit bars within
the central part of the lower-flow regime (Miall, 1977). The fa-
cies was deposited under unidirectional water currents;
cross-stratified bed sets formed by lee-side avalanching of
sand on foresets near the angle of repose (~15-30°; Miall,
1996). Low-angle reactivation surfaces point to changes in river
water stage over dunes (Collinson, 1970).

Ripple-laminated sandstones (Sr). Deposits of lithofacies
Sr contain very fine to medium-grained, red-brownish to pink,
moderately to well sorted sandstone. The deposit is arranged
into multiple, asymmetrical ripple cross-laminated sets with
thicknesses from 2 to 6 cm (Fig. 9E). The lamination occasion-
ally includes an admixture of silt. Cross-stratified bed sets re-
veal small- to medium-scale lenticular geometry and lateral ex-
tents of up to 2 m. The lower and upper bounding surfaces are
mainly gradational. The Sr lithofacies is typically followed by Fm
and FSm lithofacies or occur as interlayers within deposits of
FSm lithofacies.

Interpretatio n.Lithofacies Sr formed during migra-
tion of subaqueous, ripple-scale, linguoid bedforms in the low-
ermost part of the lower flow regime, under unidirectional cur-
rents. Ripples migrated at low flow speeds (<1m/s) (Miall,
1996).

MUDDY LITHOFACIES ASSOCIATION

Massive mudstones (Fm) and sandy mudstones (FSm).
Deposits of lithofacies Fm/FSm contain dark brown to red-
dish-brown mudstones with sporadic intercalations of very fine-
to fine-grained, red-pinkish sandstone. The mudstones display
a massive structure, though the sandy mudstones may occa-
sionally reveal horizontal lamination. These deposits form dis-
continuous lenses and sheets, mainly in the tops of St and Sh
lithofacies, which range in thickness from 2 mm to 20 cm and
attain widths of a few metres. The dark mudstones occur also
as thin interlayers within the St and Sh lithofacies (Fig. 9B). The
lower boundaries of the FSm/Fm lithofacies are predominantly
gradational, and the upper ones commonly erosional. Mud
cracks were observed on the upper bedding surfaces of sand-
stones of the Sh lithofacies at loc. 3 (Fig. 9F). Reddish-brown,
fine-grained sandstones and mudstones were observed also
as discontinuous lenses, up to 3 cm thick, at the bases of fluvial
palaeochannels (Fig. 9G). The mudstones are locally
bioturbated. Bioturbation was observed mainly on the upper
bedding planes of sandstone blocks as polygonal systems of
anabranching tunnels, oval in cross-section (Fig. 9H). This
lithofacies constitutes a subordinate (up to c. 8%) component of
the lowermost Krajanéw Formation.

Interpretation. Lithofacies Fm/FSm is interpreted
to be deposited from suspension in local depressions formed in
floodplain ephemeral ponds/lakes. The muddy to fine sandy
capping of the channels represents channel abandonment and
its subsequent drying. Bioturbation is represented by plant root

Fig. 8. Sedimentary features of the lowermost Krajanéw Formation exposed in the eastern Intra-Sudetic Basin
(gravelly lithofacies association)

A — clast-supported, massive conglomerate of the Gem lithofacies; B — horizontally stratified conglomerate overlain by horizontally stratified
sandstone of lithofacies Sh; C — horizontally stratified conglomerate underlain by Sh sandstone interbedded with fine-grained deposits of
lithofacies FSm; D — intraformational conglomerate with no internal structure (Gmm lithofacies); E — discontinuous bed of matrix-supported
conglomerate (lithofacies Gmm) with sharp, loaded base; F — distinct load structures and soft-sediment deformation structures at the base of
a bed of matrix-supported conglomerate (lithofacies Gmm); G — conglomerate (lithofacies Gp) and sandy conglomerate (lithofacies GSp)
with planar cross-stratification; H — conglomerate with trough cross-stratification (lithofacies Gt)


https://doi.org/10.1016/S0070-4571(08)71000-8
https://doi.org/10.1111/j.1365-3091.1988.tb01249.x
https://doi.org/10.1111/sed.12076
https://doi.org/10.1016/0012-8252(77)90055-1
https://doi.org/10.1016/0012-8252(77)90055-1
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traces and burrows formed by invertebrates. Trace fossils, as-
signed to Scoyenia ichnofacies, were described by
(Kiersnowski et al., 2021) from the overlying, fluvial Stupiec For-
mation in the Intra-Sudetic Basin. Single, unbranched burrows
probably represent Planolites sp.

FLUVIAL ARCHITECTURAL ELEMENTS AND THEIR ENVIRONMENTAL
INTERPRETATION

The lithofacies distinguished have been grouped into three
major architectural elements of an early Permian (?Asselian)
fluvial system (as defined by Teisseyre, 1991 and Miall, 2014)
of the eastern Intra-Sudetic Basin. The following architectural
elements: (A) amalgamated fluvial channel infills with sediment
gravity flow deposits and bank collapse elements (CHa), (B)
poorly channelized to non-channelized fluvial sheet-like ele-
ments (LS) and (C) overbank fines (FF), are related genetically
to distinct fluvial depositional sub-environments.

(A) Amalgamated fluvial channel infills (CHa) with sed-

iment gravity flow deposits and bank collapse elements

These architectural elements consist of gravel-dominated
lithofacies of Gem, Gmg, Gmm, Gh/GSh, Gp/GSp and Gt/GSt,
as well as sand-dominated lithofacies of Sp/SGp, St/SGt, and
less common Sm. In the study area, CHa elements prevail in
the lowermost Krajanéw Formation and in the proximal regions
of the eastern Intra-Sudetic Basin (loc. nos. 1, 2; Fig. 10A). In
the localities studied the lithofacies are arranged into vertically
stacked and amalgamated, cross-cutting sheet-like bodies with
a concave-upwards geometry. The lower boundaries of these
elements are often sharp (erosional). In vertical sections, the
measured proportion of the total thickness (%) of the CHa ele-
ments range from 53% in the more distal regions of the basin
(loc. 3; Fig. 10B) to nearly 100% in the proximal region (loc. 1;
Fig. 10A).

The CHa elements are interpreted as palaeochannels of a
multi-storey, non-perennial to ephemeral braided fluvial sys-
tem. Basal channel-floor lags of lithofacies Gem typically pass
gradationally upwards into cross-stratified units of Gp/GSp,
Gt/GSt and/or Sp/SGp and St/SGt. Preserved sheets of
fine-grained, dark-brown sandstone resting on the basal sur-
faces of channels at loc. 6 point to periodic channel dryness
and, subsequently, their rapid infill, probably during occasional,
catastrophic flash floods.The trough and planar cross-stratified
lithofacies point to migration of 3D and 2D dunes within the
channels (Harms et al.,1975). These forms developed as a vari-
ety of small, mid-channel gravelly and sandy bars (e.g., Miall,
1977; Collinson, 1996) under lower flow regime conditions. Dur-
ing stages of low sediment load, the bedforms were probably
partially emergent and vegetated. Structureless (massive)
sandstones of lithofacies Sm, observed at locs. 2, 3 and 5, re-
veal rapid in-channel deposition from high-energy flows that
prevent in-channel bedform development. The occurrence of
Gmm lithofacies points to gravity flow deposits which entered

A

alluvial channels during flash floods (Miall, 1996) or formed due
to the collapse of river banks. The spatial trend of
palaeochannels, and the measured, internal palaeoflow direc-
tions, indicate consistent sediment transport towards the west,
southwest and northwest, nearly perpendicular to the pres-
ent-day tectonic boundaries of the Intra-Sudetic Basin.
(B) Poorly channelized to non-channelized fluvial
sheet-like elements (LS)

These architectural elements consist of sandstone-domi-
nated SI/SGI, Sh, Sx and Sr lithofacies. In the sections studied
these lithofacies formed laterally extensive, non-channelised or
poorly channelised sheets which typically overlie conglomer-
ates of Gem or Gmg lithofacies and cross-stratified units of
Gp/GSp, Gt/GSt as well as Sp/SGp and St/SGt lithofacies
(Fig. 10B). In vertical sections, the measured proportions of the
total thickness (%) of these elements range from ~11% in the
proximal regions of the basin (loc. 6) to nearly 41% in the more
distal regions of the basin (loc. 3). LS elements predominate at
loc. 7 (88%); however, due to the limited size of the exposure,
this value cannot be considered as representative.

These laterally pervasive elements are interpreted as de-
posits of unconfined sheet flows and/or erosional remnants of
wide and shallow channels. The Sh lithofacies with planar ero-
sional bases points to very shallow, high-energy flows. The oc-
currence of Gem underlying SI/SGI, Sh lithofacies support this
notion. The presence of discontinuous intrasets of dark brown
mudstone of lithofacies Fm/FSm, also with mud cracks, within
this lithofacies, suggest waning flood flows and subsequent dry-
ing of the sediment surface. Non-channelized sheet-like bod-
ies, composed mainly of Sh, Sm and minor Sx lithofacies ex-
tend laterally beyond the limits of the exposures studied. Inter-
preted rapid flows in the upper flow regime probably extended
laterally beyond the channel margins as sheet floods.

(C) Overbank fines (FF)

These architectural elements consist of mud-dominated,
Fm/FSm as well as sandy Sr lithofacies. In the sections studied,
these deposits form either laterally discontinuous sheets and
lenses in the top of CHa and LS elements or occur as isolated
lenses within channels filled with Gecm and Gmg lithofacies. The
first of these fine-grained deposits are typically incised by con-
glomerate bodies of CHa elements. In vertical sections, the
measured proportions of the total thickness (%) of the FF ele-
ments range from <1% in the proximal regions of the basin
(loc. 1, 2) to nearly 8% in the more distal regions (loc. 3).

The FF architectural elements are interpreted as (i) depos-
its of overbank and/or adjacent floodplain environments and (ii)
as an effect of channel abandonment and its subsequent dry-
ing. Overbank and floodplain environments in the study area
were dominated by deposition from suspension fallout in stand-
ing water of ephemeral ponds and small lakes (Fig. 10A). Less
abundant, horizontally laminated sandy mudstones are related
to short-lived events of unconfined flows and suspension

Fig. 9. Sedimentary features of the lowermost Krajanéw Formation exposed in the eastern Intra-Sudetic Basin
(sandy and muddy lithofacies associations)

A — sandstone with horizontal stratification (lithofacies Sh, vertical exposed section, locality 4) and parting lineation visible on the upper bed-
ding surfaces in loose block at locality 4; B — thin interlayers of lithofacies Fm/FSm (arrowed) within sandstone with horizontal stratification
(Sh); C —sandstone with clearly visible, small-scale sigmoidal cross-stratification (Sx) underlain by lithofacies Sh and Sm, bounded by sharp,
nearly planar erosional surfaces; D — stacked sandstone beds with trough (St) and planar cross-stratification (Sp) bounded by concave-up-
wards and planar erosional surfaces; E — fine- to medium-grained, ripple-laminated sandstones of lithofacies Sr, underlain and overlain by
lithofacies Sm; F — polygonal mud cracks preserved on the upper bedding surface of sandy mudstone (FSm) in a loose block at locality 3; G —
discontinuous lenses of fine-grained sandstone and mudstone (lithofacies FSm) occurring at the bases of and within fluvial palaeochannels
filled with Gem lithofacies; H — bioturbation structures in the form of solitary, curved burrows observed in a loose block at locality 3


https://doi.org/10.2110/scn.75.02
https://doi.org/10.1016/0012-8252(77)90055-1
https://doi.org/10.1016/0012-8252(77)90055-1

Aleksander Kowalski and Magdalena Furca / Geological Quarterly, 67: 31

18

(smoule yoe|q) Sexe [aUUBYD Se ||oM SB (MOJIB pal) SUOoljoalIp ueaw Y)im Bulippag-ssolo JO uonelualio (ejep juaiinoose|ed smoys welbelip 8sol jJasul oy

(€ ‘1 sane20]) uiseg d139png-eJju| ay} jo Jed uialses ayj ul uoljew.lo4 mouelesy] Jsowlamo] ay} JO SJUBWI|S [ein}od}iydle ulew pue Aipwoab ajess-doioynQ "} "H14

SV 1S WS~

A EEOLso wey * & [(H)wsd

S
doiolno * @|qIs@o2oeuUN

ERE!




Aleksander Kowalski and Magdalena Furca / Geological Quarterly, 67: 31 19

plumes, entering the floodplain during waning stages of the
flood. Dessication cracks observed on the bedding planes of
FSm lithofacies imply drying out of the sediments, probably be-
tween flood events (Collinson, 1996). In the study area, the FF
architectural element contains also bioturbation features as-
signed to the Scoyenia ichnofacies. This points to stabilisation
of the overbank/floodplain areas between major flood events
and development of weak pedogenic processes. Fine-grained
deposits found within channels record periods of dryness be-
tween their rapid infilling.

DISCUSSION: FLUVIAL SYSTEM
AND PALAEOGEOGRAPHIC DEVELOPMENT
OF THE EARLY PERMIAN INTRA-SUDETIC BASIN

Fluvial systems, understood as open, process-response
physical systems, are influenced mainly by spatial and temporal
changes of climate, base level, tectonics and human impacts
(Schumm, 1977; Piegay, 2016). Regional tectonic activity (i.e.
fault-controlled subsidence), as well as climate fluctuations, ap-
pear to have been the two main, allocyclic controlling factors af-
fecting accommodation space, sediment supply and fluvial ar-
chitecture in the Carboniferous-Permian Intra-Sudetic Basin
(Nemec et al, 1982; Wojewoda and Mastalerz, 1989;
Awdankiewicz et al., 2003).

Sedimentological analysis of exposure and selected bore-
hole data (Miecznik, 1989; Fig. 4) shows that the lowermost part
of the Krajanéw Formation is characterised typically by laterally
and vertically amalgamated fluvial channel-fill elements (CHa).
Amalgamated channel-fills constitute from 37 to nearly 100% of
the deposits within the lowermost portion studied of the
Krajanéw Formation.The sedimentological characteristics of
these deposits (loc. 1) point to a fluvial system dominated by lat-
erally shifting, braided rivers carried a mixed gravel and sand
bedload in the form of 3D and 2D dunes, evolving into
mid-channel bars (Fig. 11A). Low-angle reactivation surfaces,
particularly common in planar cross-strata sets, point to
changes in river water stage (Collinson, 1970). Additionally, the
occurrence of Gmm lithofacies indicates gravity flows which en-
tered alluvial channels probably during flash floods (Miall, 1996)
or formed due to the collapse of river banks (Priddy et al., 2021).
The muddy to fine sandy cappings observed within channels in
the medial parts of the basin imply channel abandonment and
its subsequent drying (Miall, 1996). Overbank deposits are
poorly preserved within the lowermost part of the Krajanéw For-
mation due to the high mobility of the channels. The regional cli-
mate was arid to semi-arid, with sparse vegetation and limited
chemical weathering (Nemec et al., 1982; Wojewoda and
Mastalerz, 1989). The riverbanks may have been unstable: this
allowed high channel mobility which was limited only by the in-
herited topography of the basin.

In the upper part of the succession studied, the braided style
of fluvial architecture evolved laterally and gradually upwards
into non-perennial to ephemeral fluvial strata. Poorly
channelized to non-channelized fluvial sheet-like elements (LS)
appear to be more abundant in this part of the succession
(Fig. 10B). These elements are interpreted as deposits of un-
confined sheet flows and/or erosional remnants of wide and
shallow channels. The presence of discontinuous intrasets of
lithofacies Fm/FSm, also with mudcracks, suggests waning
flows and subsequent drying of the sediment surface. Inter-
preted rapid flood flows in the upper flow regime probably ex-
tended laterally beyond the channel margins as sheet floods

and covered large parts of the palaeovalley(s?) in the study
area (Fig. 11B). In vertical sections the percentage values of
these elements reach 41% (loc. 3).

The gradual change in the fluvial architecture within the
Krajanéw Formation can be attributed to lateral and temporal
changes in the river system rather than to a gradual shift in re-
gional climate (Wojewoda and Mastalerz, 1989). These trends
are similar to those observed and described from modern and
ancient continental sedimentary basins dominated by terminal
fans and, in a broader sense, by distributive fluvial systems
(DFSs; Cain and Mountney, 2009; Owen et al., 2015). How-
ever, deposits of the lowermost Krajanéw Formation display no
significant, vertical changes in grain-size distribution (cf. Figs. 6
and 7); this may be explained by a high rate of sediment supply
and the occurrence of rapid flood flows in the proximal part of
the fluvial system during the early Permian. Downstream de-
crease in grain size is observed at a larger scale, within the
Krajanéw Formation understood as a sedimentary mega-
sequence (Miecznik, 1989). The measured palaeocurrent di-
rections indicate that the area drained towards the west, south-
west and locally northwest (Fig. 11C). Early Permian
(?Asselian) sedimentation in the study area took place within a
westwards-sloping alluvial plain, locally followed by ephemeral
lake environments in the distal region of the basin (Fig. 11C).

Tectonic activity has been long considered as the main, ex-
ternal control of the sedimentation in the Intra-Sudetic Basin
and in other Late Palaeozoic continental basins developed
within and around Bohemian Massif (Wojewoda and
Mastalerz, 1989; Oplusti et al., 1998). Based on
sedimentological study of the Vrchlabi Formation — a time
equivalent of the Krajanéw Formation in the KrkonoSe
Piedmont Basin — Schopfer et al. (2022) postulated that tec-
tonic subsidence played a substantial role during the initial de-
position of these deposits. Similarly, the distinct, large-scale cy-
clic structure of the Permian sedimentary infill of the
Intra-Sudetic Basin is attributed to relatively rapid, major tec-
tonic events that resulted in fault-controlled subsidence of the
basin floor. The onset of fluvial red bed deposition of the lower-
most Krajanéw Formation should be also linked with episodic,
fault-controlled tectonic activity which led to rejuvenation of re-
lief and, in consequence, an increase in accommodation space
in the basin. Simultaneously, uplift of the framing Sowie Mts.
Massif, probably along the Gtuszyca Fault, led to progradation
of an alluvial fan system on the eastern flank of the basin. The
sharp contact between the Krajanéw Formation and the under-
lying Lower Anthracosia Shale of the Ludwikowice Formation
(cf. Fig. 4) supports the hypothetical notion of relatively rapid
uplift of the source area along this tectonically active margin
(Don, 1961).

The petrographic composition of the Krajanow Formation is
very diverse and points seemingly to multiple source areas within
an early Permian sediment routing system. The petrographic
characteristic of the Krajanéw sandstones — their low textural
maturity and a high content of feldspar grains — indicate
short-distance transport and the proximity of an uplifted area built
chiefly of (weathered?) gneissic or quartz-feldspathic granitic
rocks. The occurrence of gneissic detritus within the Krajanow
Formation may indicate the Sowie Mts. Massif as the source
area for these deposits. Similarly, the petrographic composition
of the conglomerate pebbles and the palaeotransport directions
obtained from the older, Pennsylvanian deposits and younger,
early Permian Stupiec Formation, show that this part of the
Intra-Sudetic Basin have been sourced locally from the Sowie
Mts. Massif area (Bossowski and Ihnatowicz, 1994; Mastalerz,


https://gq.pgi.gov.pl/article/view/8297
https://doi.org/10.1111/j.1365-3091.2009.01057.x
https://doi.org/10.2110/jsr.2015.35
https://doi.org/10.1002/9781118648551.ch5
https://doi.org/10.31711/giw.v8.pp27-44
https://doi.org/10.2110/jsr.2020.137
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1996; Kurowski, 2004). Puzzlingly, though, few gnessic peb-
ble-sized clasts derived from this metamorphic unit have been
found in the Krajanéw Formation (making up c. 3.6%).

The petrography of pebbles in the Permian deposits of the
Intra-Sudetic Basin has long been discussed in the literature (Don,
1961; Dziedzic, 1961; Nemec, 1978; Nemec et al., 1982). The
high degree of roundness of clasts composed of rocks resistant to
weathering, such as lydite and quartzite, found in the Krajanéw
Formation may suggest a distant source area or sediment recy-
cling. These clasts may have been derived from the Silurian and
Ordovician rocks exposed currently within the Bardo Structure
(e.g., Oberc, 1957; Wajsprych, 1978), towards the SE of the study
area. As suggested earlier by Oberc and Wojcik (1965), the
petrographic composition of the lowermost Krajanéw Formation
may indicate transport from the Bardzkie and Bystrzyckie Moun-
tains, S and SE of the study area. The derivation of this material
from an older, currently unexposed (completely eroded?) massif
(hypothetical Southern Massif) sourcing the Intra-Sudetic Basin
from the south, should be not excluded (Nemec, 1978). On the
other hand, Dziedzic (1961) inferred that well-rounded pebbles of
quartzite and lydite were redeposited from older, Carboniferous
(Pennsylvanian) rocks exposed on the eastern flank of the
Intra-Sudetic Basin. The high content of the older, reddish-brown
sandstones within the deposits studied, as well as clasts of highly
cemented quartz conglomerate, points also to an intrabasinal
source composed chiefly of Carboniferous strata. Deposits of sim-
ilar characteristics are typical of the underlying Ludwikowice, Glinik
and Zacler formations exposed currently to the east of the study
area. Nemec et al. (1981) also stated that quartzite and lydite peb-
bles occurring within underlying Carboniferous conglomerates and
sandstones constitute "the second-type detritus" which may de-
rived from "relatively distant source areas". Multiple recycling of
clastic material in the Permian Intra-Sudetic Basin was suggested
also by Biernacka (2012) and Felicka (2000). Similar petrographic
evidence of repeated recycling of fluvial clastic deposits was in-
ferred from petrographic data published by Martinek and Stolfova
(2009) from the KrkonoSe Piedmont Basin.

On the other hand, the palaeocurrents pattern of the
Krajanéw Formation in the eastern Intra-Sudetic Basin clearly
suggests sediment transport from the east/northeast, i.e. from
the Sowie Mts. Massif area. The relatively low content of gneiss
pebbles may be explained by limited fluvial incision into the
basement rocks and/or partial sedimentary cover of the Sowie
Mts. Massif area during the early Permian. The gneissic mate-
rial derived from this massif, as an upland source area, were
carried probably during major flood events to the nearby
Intra-Sudetic Basin. This process, combined with the hypotheti-
cal axial drainage of the basin towards the NW (cf. Wojewoda
and Mastalerz, 1989), may have resulted in the compositional
'dilution' of clastic material in the early Permian Intra-Sudetic
Basin. It is concluded that further, detailed petrographic studies
and a more systematic approach are needed.

CONCLUSIONS

The lowermost part of an early Permian Krajanéw Forma-
tion constitutes a continental fluvial red bed assemblage of
coarse-grained strata exposed mainly in the eastern part of the
fault-bounded Intra-Sudetic Basin (NE Bohemian Massif). Re-
gional tectonic activity (i.e. fault controlled subsidence) and cli-
mate fluctuations appear to have been the two main, allocyclic
controlling factors affecting sediment supply and fluvial archi-
tecture in this area. During the early Permian (?Asselian) the
study area constituted a westwards inclined palaeoslope of the
Intra-Sudetic Basin with dominantly westwards and south-
westwards fluvial drainage. Towards the west and southwest of
the Basin, the coarse-grained sedimentary succession of the
Krajanéw Formation changes gradually into a coeval
fine-grained facies. A fan-like arrangement of palaeocurrent
data in the lowermost part of the unit suggests the development
of alluvial fans, probably of terminal type, attached to an active
fault framing the basin towards the east. Deposition probably
occurred in the proximal to medial sub-environments of the
fans.

The early Permian (?Asselian) fluvial system in this area
was dominated by non-perennial to ephemeral fluvial pro-
cesses influenced strongly by a semi-arid to arid climate. The
fluvial system of the early Permian Intra-Sudetic Basin was fed
by episodic flow. Rapid (catastrophic?) flood events led to epi-
sodic sedimentation of vertically and laterally amalgamated flu-
vial channel infills, with abundant upper flow regime structures
as well as poorly channelized, laterally extensive sheet-like
bodies of sandstone. The overbank deposits are poorly pre-
served due to frequent lateral shifting of the channels. Soft-sed-
iment deformation structures formed due to river bank collapse
events while debris flow facies point to high-energy, waning
flows. It is concluded that deposition occurred on broad, termi-
nal-type alluvial fans, probably in their proximal- to medial
sub-environments, developed within the distributive fluvial sys-
tem of the Intra-Sudetic Basin. Petrographic composition and
measured palaeocurrent directions show that the sediment was
sourced from the framing massifs: the Sowie Mts. Block to the
east, the Bardo Structure and a hypothetical Southern Massif to
the south/southeast. The study as a whole contributes to
understanding of the Permian palaeoenvironment and
palaeogeography of the NE part of the Bohemian Massif.
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