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1 | INTRODUCTION

Abstract

This study is a reconstruction of the Coniacian palacogeographic and palacoenviron-
mental development in the North Sudetic Basin, a synclinal trough within the Late
Cretaceous Central European seaway linking the Boreal and Tethyan marine prov-
inces. The basin formed as an early side effect of the Alpine orogeny combined with
the mid-Cretaceous eustasy, and crucial stages of its evolution occurred during the
Coniacian. The basin in the early Coniacian was a long and narrow shallow-marine
embayment with a hypothetical (non-preserved) bayhead strait funnelling tidal cur-
rents. Coalescing tidal sand ridges formed a littoral platform that prograded from the
bayhead zone along the basin axis, impinged on laterally by the basin-margin shore-
face and local river deltas. A mid-Coniacian forced marine regression and closure of
the bayhead strait, attributed to the Alpine tectonism combined with eustasy, brought
about a dramatic change in the basin, whereby the basin-wide littoral sand platform
emerged and turned briefly into a denudated coastal plain. The late Coniacian eu-
static marine transgression formed an in-place growing coastal sand barrier at the
outer edge of the former littoral platform, sheltering a paralic limno-lagoonal plain
with peat-forming mires. The coastal barrier was eventually drowned by the sea and
maximum marine flooding occurred, followed by a normal regression recorded as
a rapidly upwards-shallowing succession of offshore-transition to fluvio-deltaic
deposits. This case study of the sedimentation pattern in an evolving, tectonically
controlled marine embayment contributes to the existing facies models for estuarine

embayments formed by a passive marine drowning of large fluvial or glacial valleys.
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ridges

deltas, falling broadly into the category of estuaries (Boyd
et al., 1992; Dalrymple et al., 1994, 2006; Perillo, 1995;

The vast majority of reported case studies on sedimenta- Dalrymple, 2010; Gilbert et al., 2018). The present case
tion in long and relatively narrow marine embayments are study of the Coniacian in the North Sudetic Synclinorium,
from drowned fluvial or glacial valleys with bayhead river =~ SW Poland (Figure 1A), documents a tectonically created
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FIGURE 1 (A) Location of the North Sudetic Synclinorium
relative to the northern margin of the Bohemian Massif; geological
map without the Cenozoic, modified from Pozaryski et al. (1979). (B)
Location of the studied outcrops (quarries) and borehole profiles in the
North Sudetic Synclinorium; geological map without the Cenozoic,
compiled from Pozaryski et al. (1979) and Milewicz (1997). For
detailed information on outcrop localities see Table 1

synclinal shallow-marine embayment in which the littoral
inner zone initially funnelled tidal currents from a bayhead
strait and subsequently—after the strait tectono-eustatic clo-
sure—evolved into a paralic coastal plain hosting a mosaic of
small rivers, lakes and peat-forming mires.

This study of the sedimentation pattern in a tectonically
controlled marine embayment with an initial bayhead strait
adds to the estuarine facies models for embayments formed
as passively sea-drowned incised valleys (Dalrymple et al.,

1992; Dalrymple, 2010). Emphasis is placed on the palae-
oenvironmental evolution and dynamic stratigraphy of the
inner embayment, reviewing its sedimentary facies assem-
blages and documenting its responses to a forced regression
and a subsequent marine transgression followed by normal
regression. At a regional level, the present study is a signif-
icant contribution to an understanding of the sedimentary
environment and palaeogeographic development in the Late
Cretaceous North Sudetic Basin, which was a main compo-
nent of the Central European seaway linking the Boreal and
Tethyan provinces and was eventually inverted by Alpine
tectonism into the present-day North Sudetic Synclinorium
(Figure 1B).

2 | REGIONAL GEOLOGICAL
SETTING

The present-day North Sudetic Synclinorium is a well-pre-
served axial relic of the Cretaceous North Sudetic Basin—one
of the epicontinental shallow-marine basins that formed in
the mid-Cretaceous within and around the Bohemian Massif
(Figure 1A) as a side effect of the Alpine orogeny. These ba-
sins formed at the Central European interface of the Tethyan
and Boreal provinces by a regional reactivation of the older,
mainly Variscan, fault zones dissecting the Bohemian Massif
and its surroundings. The basins were tectonically inverted
by regional contraction at the Laramian climax of the orog-
eny near the end of the Cretaceous. The North Sudetic Basin
formed as a southeastern extension of the East Brandenburg
Basin (Musstow, 1968; Voigt et al., 2008) and was at least
temporarily connected by hypothetical straits with the adja-
cent Intra-Sudetic Basin and further with the large Bohemian
Basin (Figure 1A; Partsch, 1896; Scupin, 1910; Leszczynski,
2018).

The southeast-trending North Sudetic Synclinorium
(Figure 1B) is bordered to the northeast by the elevated crys-
talline Fore-Sudetic Block, devoid of Mesozoic deposits, and
by its northwestern envelope known as the Zary Pericline,
with a cover of Permian to Middle Triassic deposits. To the
southwest, the North Sudetic Synclinorium is bordered by the
elevated Gorlitz and Kaczawa fold belts (Figure 1B) made of
pre-Permian metamorphic rocks (Zelazniewicz et al., 2011).

3 | BASIN STRATIGRAPHY

The Cretaceous deposits in the North Sudetic Synclinorium
overlie adiscontinuous succession of Carboniferous to Middle
Triassic sedimentary rocks (Figure 1B). These Cenomanian
to Santonian deposits are nearly 1,000 m thick (Bossowski et
al., 1976; Bossowski, 1991a) and include sandstones, mud-
stones, claystones and marlstones, with subordinate limestone
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TABLE 1
Figure 2

No. Locality name

1 Czaple
(four quarries labelled A-D)

2 Zbylutow

3 Gaszow

4 Zeliszow

5 Wartowice

6 Skata I

7 Skata II

8 Zerkowice

9 Rakowice Mate
(Rakowiczki)

10 Kotliska

11 Milikéw

12 Osiecznica

Outcrop
GPS
coordinates

Quarry 1A

51°08"29"N
15°45'36"E
Quarry 1B

51°08"28"N
15°45'40"E
Quarry 1C

51°08'32"N
15°45'11"E
Quarry 1D

51°08'41"N
15°44'52"E
51°08'57"N
15°39'31"E
51°09'32"N
15°37'5"E

51°11'5"N

15°38'54"E
Outcrop A

51°12'45"N
15°39'12"E
Outcrop B

51°13’06"N
15°38'50"E
51°09'35"N
15°34'57"E
51°0930"N
15°34'30"E
51°09'40"N
15°34'26"E
51°9'57"N
15°32'33"E

51°09'48"N
15°30'51"E
51°11"13"N
15°26"18"E
51°19'40"N
15°23'45"E

Outcrop type

Active quarry at the top of Kopka hill,
operated by Gruszecki Ltd.

Active quarry at the top of Kopka hill,
operated by Kamieniarz Ltd.

Abandoned quarry on south-western slope
of Kopka hill, owned by Kamieniarz
Ltd.

Abandoned quarry at the western foot of
Kopka hill, owned by Kamieniarz Ltd.

Active quarry Zbylutéw IV, operated by
Kopalnia Piaskowca JAN.

Long-abandoned quarry, overgrown by
vegetation.

Recently re-activated quarry operated by
Kamieniarz Ltd.

Active quarry operated by Hofmann
Natursteinwerke Polen GmbH.

Active quarry operated by ATS Stein Ltd.

Active quarry operated by Hofmann
Natursteinwerke Polen GmbH.

Rock tor Medalion.

Active quarry operated by Kopalnie
Piaskowca S.A. Bolestawiec.

Recently abandoned quarry owned by
Kopalnie Piaskowca S.A. Bolestawiec.

Long-abandoned quarry overgrown by
vegetation.

Group of closely spaced, long-abandoned
and overgrown quarries.

Active quarry operated by Kopalnia i
Zaktad Przer6bezy Piaskow Szklarskich
Ltd.

The exact location and stratigraphic position of field outcrops (quarries) investigated in the present study; see basin stratigraphy in

Exposed stratigraphy

Sandstones of the Zerkowice Mb. (up-
permost Rakowice Wielkie Fm.) exposed
in all these quarries. Local relics of the
lowermost part of Czerna Fm. preserved
in quarry 1B.

Sandstones of the Zerkowice Mb. (up-
permost Rakowice Wielkie Fm.).

Sandstones of the Zerkowice Mb. (up-
permost Rakowice Wielkie Fm.).

Sandstones of the Zerkowice Mb. (up-
permost Rakowice Wielkie Fm.).

Sandstones of the Zerkowice Mb. (up-
permost Rakowice Wielkie Fm.) overlain
by coal-bearing muddy to sandy deposits
of the lowermost Czerna Fm.

Sandstones of the Zerkowice Mb. (up-
permost Rakowice Wielkie Fm.).

Sandstones of the Zerkowice Mb. (up-
permost Rakowice Wielkie Fm.).

Sandstones of the Zerkowice Mb. (up-
permost Rakowice Wielkie Fm.).

Sandstones of the Zerkowice Mb. (up-
permost Rakowice Wielkie Fm.) overlain
by lowermost Czerna Fm.

Sandstones of the Zerkowice Mb. (up-
permost Rakowice Wielkie Fm.).

Sandstones of the Zerkowice Mb. (up-
permost Rakowice Wielkie Fm.).

Sandstones of the top part of Zerkowice
Mb. (Rakowice Wielkie Fm.) overlain by
lowermost Czerna Fm.

intercalations (Milewicz, 1965, 1997). Outcrops and drilling
cores show considerable lateral and vertical variation of these
deposits, with siliciclastic sandstone lithosomes dominant to
the southeast and pinching out in mudstones and marlstones
towards the northwest (Figure 2). Lithostratigraphic inter-
pretation of the sedimentary succession has evolved with
time (see review by Milewicz, 1997), with the early German

geologists in the region referring to the thick sandstone litho-
somes broadly as Quadersandstein (Beyrich, 1849). The ex-
isting lithostratigraphy (Figure 2) was proposed by Milewicz
(1985), who subdivided the succession into three formations.
The marine lower half of the succession—dominated by
sandstones to the southeast and by mudstones, marlstones and
limestones to the northwest—was labelled as the Rakowice
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Wielkie Formation, with its main sandstone lithosomes dis-
tinguished as separate members (Figure 2). The upper half
of the succession was divided by Milewicz (1985) into two
coeval formations, referred to as the Wegliniec Formation
and Czerna Formation (Figure 2). The former is marine,
composed chiefly of mudstones, whereas the latter to the
southeast is paralic, comprising sandstones intercalated with
mudstones, claystones and thin coal seams, autochthonous
to hypautochthonous (Milewicz, 1965). The mud-dominated
limnic lowermost part of the Czerna Formation, rich in coal
and 2-50 m thick, was distinguished by Milewicz (1985) as a
poorly defined Nowogrodziec Member (Figure 2).

The first biostratigraphic dating of this succession, by
Beyrich (1855), suggested a Cenomanian—Senonian age for
the deposits. Milewicz (1958) reduced the age of the upper
part of the succession to Santonian, and Krutzsch (1966)
specified it further as early Santonian. Milewicz (1956,
1979) also postulated a late Coniacian (late Emscherian) hi-
atus between the Rakowice Wielkie Formation and Czerna
Formation in the southeastern part of the North Sudetic
Synclinorium, with a decline of this stratigraphic gap towards
the northwest (Figure 2).

A more recent biostratigraphic study by Walaszczyk
(2008) revised the succession chronostratigraphy. The
boundary between the Rakowice Wielkie Formation and the
overlying Wegliniec and Czerna formations was assigned
to the middle/late Coniacian transition, with the Coniacian/
Santonian boundary in the middle of these latter forma-
tions and with the hiatus corresponding to the late middle

Coniacian (Figure 2). This revised chronostratigraphy is fol-
lowed in the present paper.

The present study of the Coniacian in the southeast-
ern part of the North Sudetic Synclinorium focusses on
what is exposed: the uppermost sandstone member of the
Rakowice Wielkie Formation, referred to as the Zerkowice
Member by Milewicz (1985) and earlier called the Oberer
Quadersandstein (Drescher, 1863; Williger, 1882) and the
overlying lower part of the Czerna Formation (Figure 2).

4 | PREVIOUS STUDIES

The Cretaceous deposits of the North Sudetic Synclinorium
have been studied since the 19th century and recognized as
shallow marine to paralic, based on lithofacies and body fos-
sils (Beyrich, 1849; Drescher, 1863; Williger, 1882; Partsch,
1896; Scupin, 1910). The shallow-marine origin of the suc-
cession was confirmed by Milewicz (1958, 1965). The sand-
stone members of the Rakowice Wielkie Formation (Figure
2) were attributed to a shoreface to foreshore environment,
with the mudstones, marlstones and limestones to the north-
west representing an offshore environment (Milewicz, 1991,
1998). Bassyouni (1984) suggested a strong influence of
tidal currents for the deposition of sandstone lithosomes. A
lacustrine environment with peat-forming mires was sug-
gested for the basal Nowogrodziec Member of the Czerna
Formation (Figure 2), whereas a mixed brackish and del-
taic to alluvial environment was suggested for the overlying
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higher part of the formation (Gérniak, 1986; Milewicz, 1965,
1991, 1997). These palacoenvironmental interpretations, al-
though largely intuitive and poorly evidenced by sedimento-
logical data, were broadly confirmed and further elaborated
upon by Leszczyriski (2010, 2018) based on lithofacies and
ichnofauna.

Palaeontological data collected over nearly two centuries
have indicated that the Cretaceous sedimentation in the North
Sudetic Basin commenced with the worldwide Cenomanian
transgression and proceeded until at least the middle
Santonian (Beyrich, 1855; Krutzsch, 1966; Milewicz, 1985,
1997; Walaszczyk, 2008). Scupin (1910) suggested that the
southeast-trending North Sudetic Basin was bordered by el-
evated island areas to the northeast and southwest, which he
called the Ostsudetische Landmasse (East Sudetic Landmass)
and Riesengebirgsinsel (West Sudetic Island), respectively.
Scupin (1910), much like Partsch (1896) before, postulated a
connection of the North Sudetic Basin with the Intra-Sudetic
Basin to the southeast. Scupin (1913) recognized correctly
the northwesterly transition of sandy deposits into mudstones
and marlstones (cf. Figure 2) as the longitudinal direction of
basin bathymetric deepening.

The notion of the Late Cretaceous basin's location be-
tween two Sudetic landmasses was supported by Andert
(1934), although he postulated that the land area to the south-
west—the Ostsudetische Landmasse of Scupin (1910)—
comprised two islands, the Lausitz Insel and Riesengebirges
Insel, which may have been periodically submerged. Apart
from this hypothetical modification, the original palacogeo-
graphic framework postulated for the North Sudetic Basin by
Scupin (1910) remains valid.

The modern stratigraphic and palacoenvironmental
framework for the basin was developed by Milewicz (1956,
1965, 1966, 1973, 1985, 1997, 2006) and Milewicz et al.
(1968), with subsequent contributions by Walaszczyk (2008),
Leszczyniski (2010, 2018) and Chrzastek and Wypych (2018).
Particularly important was the recognition by Milewicz
(1956) of a hiatus between the Rakowice Wielkie Formation
and the Czerna Formation in the southeastern part of the
basin (Figure 2), attributed to a northwesterly retreat of the
sea from a large part of the basin and erosion in this emerged
area. Walaszczyk (2008) later dated this event to the late mid-
Coniacian and Leszczyniski (2018) translated it as a forced
regression in the parlance of sequence stratigraphy. Marine
offshore sedimentation proceeded uninterrupted in the north-
western part of the basin until at least the middle Santonian
(Milewicz, 1958, 1965, 1970, 1997, 2006; Walaszczyk,
2008).

Milewicz (1997) interpreted the Coniacian—Santonian
succession in the North Sudetic Synclinorium as represent-
ing the latest regressive phase of a transgressive-regressive
(T-R) cycle and the earliest transgressive phase of the next
T-R cycle. Walaszczyk (2008) suggested that the Czerna

Formation and coeval Wegliniec Formation (Figure 2) rep-
resent the final regressive phase of a complex series of minor
T-R cycles. Leszczynski (2010) interpreted the Zerkowice
Member of the Rakowice Wielkie Formation (Figure 2) as
a regressive systems tract formed at the culmination of the
regressive phase and separated by a hiatus from the overly-
ing transgressive systems tract of a 3rd-order eustatic cycle.
Leszczyfiski (2018) attributed deposition of the Zerkowice
Member to the KCol eustatic event of sea-level fall (Haq,
2014).

S | FIELD MATERIAL

The present study is based on the outcrop sections of 12 ac-
tive or abandoned quarries and an isolated rock tor (Figure
1B, Table 1), as well as 31 pre-existing exploration borehole
profiles, supplemented by core samples from eight boreholes
(Figure 1B). The outcrops are located in the southeastern
part of the North Sudetic Synclinorium, where the sandy
Zerkowice Member is exposed and the sandstone quarries
are located. Outcrops at Localities 5, 9 and 12 (Figure 1B)
show the upper part (up to 90 m thickness) of the Zerkowice
Member and the lower part (12—20 m thickness) of the Czerna
Formation. Outcrops at the other localities show only the
upper part (up to 15 m thickness) of the Zerkowice Member,
with up to a few metres of the Czerna Formation exposed at
Localities 1 and 4 (Figure 1B).

The data from boreholes are limited to lithology and sed-
iment grain size (Figure 3), as the small-diameter and mainly
poor-quality cores did not allow a reliable recognition of
sedimentary structures. Detailed data on the bedding pattern,
sedimentary structures, transport directions and trace fossils
were collected from the outcrop sections (Figure 1B).

6 | METHODS AND
TERMINOLOGY

Conventional field methods were used, such as a detailed
logging, measurement of bedding attitude and palaeocurrent
direction (mainly from cross-stratification), photographing
of outcrop details and a line drawing of stratification archi-
tecture on outcrop photomosaics. Observations were made
both in outcrop walls and in some loose rock blocks extracted
by mining work. A review of the recorded sedimentary fea-
tures is given in Figure 4 as a legend to outcrop logs.

The descriptive sedimentological terminology is ac-
cording to Harms et al. (1975, 1982) and Collinson et al.
(2006). Sedimentary facies (lithofacies) are distinguished
by their macroscopic characteristics (Harms et al., 1982;
Walker, 1984). Spatially and genetically related lithofacies
are regarded as lithofacies associations representing specific
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sedimentary systems (environments). These assemblages are
for simplicity given interpretive generic labels but their de-
scriptions are separated from interpretations in the text.

The definitions of bioturbation structures and trace fos-
sils (ichnofossils) are according to Bertling et al. (2006).

The degree of sediment endichnial bioturbation is specified
according to the bioturbation index (BI) scale of Taylor and
Goldring (1993).

The basic concepts of sequence stratigraphy follow
Catuneanu (2006) but Helland-Hansen’s (2009) simplification
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is used in distinguishing three basic types of systems tract as
the building blocks of sequences: a forced-regressive systems
tract (FRST) formed during relative sea-level fall; a transgres-
sive systems tract (TST) formed during sea-level rise; and a
normal-regressive systems tract, which may form during the
sea-level highstand (HST) or lowstand (LST). The eustatic
sea-level curve used for reference is from Haq (2014).

7 | THE ZERKOWICE MEMBER

7.1 | Boundaries and thickness distribution

The Zerkowice Member is the uppermost lithostratigraphic
division of the Rakowice Wielkie Formation in the south-
eastern part of the North Sudetic Synclinorium (Figure 2),
where this sandy lithosome is exposed and has been subject
to open-pit mining for a few centuries. The lower boundary
of the Zerkowice Member is generally distinct, with the fine-
grained quartzose sandstones overlying conformably, with a
silty transition, a lithosome of dark-grey mudstones (Figure
3). The boundary is less distinct and rather controversial to
the southeast, where (e.g., in borehole N-24, Figure 1B) the
mudstone lithosome pinches out and the sandstones of the
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FIGURE 4 Review of sedimentological and ichnological
features recognized in the Coniacian outcrops, given as a legend to the
outcrop logs shown farther in this paper

Zerkowice Member overlie directly the Dobra Member sand-
stones (cf. Figures 2 and 3; Bossowski, 1991b). The top of
the sandy Zerkowice Member is the upper boundary of the
Rakowice Wielkie Formation in the southeastern part of the
synclinorium (Figure 2). This boundary is sharp and mainly
erosional, with a stratigraphic hiatus (Figure 2) and with
the sandstones overlain by a coal-bearing heterolithic unit
dominated by mudstones and claystones (the Nowogrodziec
Member of Milewicz, 1985), increasingly ferruginized to-
wards the southeast and containing local patches of ferricrust
or ferruginized fossil turf (e.g., at Locality 5, Figure 1B).

Exploration boreholes show the sandstone lithosome of the
Zerkowice Member as thickening towards the northwest over a
distance of 25 km along the synclinorium axis from 50 m be-
tween Localities 4 and 5, to 70 m between Localities 10 and 11
and up to 100 m in boreholes N-14 and N-26 (Figure 1B). Only
a few kilometres farther to the northwest, in borehole N-27
(Figure 1B), the sandstone lithosome thickens abruptly to
>200 m (corrected to >170 m on account of local tectonic tilt)
and virtually pinches out in the nearby borehole J-1 (Figure
1B). This prominent thickening and abrupt pinch-out of the
sandstone lithosome at its northwestern termination is mean-
ingful, as discussed further in the paper.

7.2 | Lithofacies and trace fossils

The Zerkowice Member consists of fine to medium-grained
and subordinately coarse-grained quartzose arenitic sand-
stones that are greyish white in colour, cream-yellow to light
orange on weathered outcrop surfaces, and range from well
cemented (mined as building blocks) to nearly soft (mined as
glass sand). Mudstone interbeds are minor, thin and laterally
discontinuous. Sand is mainly very well sorted, which com-
monly renders its internal stratification and bed boundaries
poorly visible.

The volumetrically dominant lithofacies are sandstones
with large-scale planar or trough cross-stratification (lithofa-
cies Sc; Figure SA through C). Cross-strata sets range from
a decimetre to 3.2 m in thickness, show variable and often
bidirectional transport directions and form laterally extensive
cosets up to 15 m thick (Figures 6 and 7). Some cross-strata
sets show hydroplastic deformation and partial homogeniza-
tion by liquefaction. Subordinate lithofacies are sandstones
with current ripple cross-lamination (lithofacies Sr, Figure
5A and J), wave-ripple cross-lamination (lithofacies Sw,
Figure 5H and I) and plane-parallel stratification (lithofa-
cies Sp, Figure 5D through F). Lithofacies Sr occurs as local
intercalations, 5-50 cm thick, within the large-scale cross-
strata cosets (Figure 5A). Lithofacies Sp and Sw commonly
alternate with each other, forming units 0.1-4 m thick that
split or cap the cross-strata cosets of lithofacies Sc (Figure
6, top). Lithofacies Sp dominates along the margins of the
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synclinorium, where it shows a gentle primary basinward in- 5G) and laminae rich in heavy minerals (Figure 5E). Clayey
clination of 3-5° and forms basinward wedges up to 10 m  to silty grey mudstones (lithofacies M) are a minor compo-
thick. Where steeper inclined (10-15°, Figure 5D), the plane- nent. This lithofacies occurs as thin (0.5-2 cm) and laterally
parallel stratification shows primary current lineation (Figure discontinuous drapes between some of the cross-strata sets
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FIGURE 5 Lithofacies and ichnofauna of the Zerkowice Member. (A) Sandstone with planar angular cross-stratification (lithofacies Sc) and
interbeds of current ripple cross-lamination (lithofacies Sr) in vertical outcrop at Locality 7; transport direction to the right, obliquely towards the
viewer. (B) Sandstone with planar tangential cross-stratification (lithofacies Sc) in vertical outcrop at Locality 6; note minor intrasets of reverse-
flow ripple cross-lamination; main transport direction to the right, increasingly away from the viewer upwards. (C) Sandstone with trough cross-
stratification (lithofacies Sc) in vertical outcrop at Locality 6; note minor intrasets of reverse-flow ripple cross-lamination; main transport direction
to the right, obliquely away from the viewer. (D) Sandstone with gently inclined plane-parallel stratification (lithofacies Sp) in vertical outcrop

at Locality 12. (E) Plane-parallel swash stratification in lithofacies Sp with dark laminae enriched in heavy minerals (arrows); vertical outcrop at
Locality 12. (F) Sandstone with horizontal plane-parallel stratification (lithofacies Sp); vertical outcrop at Locality 12. (G) Parting lineation on
bedding surface in a swash-stratified sandstone of lithofacies Sp at Locality 6. (H) Asymmetrical 2D wave ripples with rounded crests, exhumed on
a bedding plane in sandstone lithofacies Sw at Locality 6. (I) Sharp-crested symmetrical 2D wave ripples exhumed on a bedding plane in sandstone
lithofacies Sw at Locality 6. (J) 3D current ripples exhumed on a bedding plane in sandstone lithofacies Sr at Locality 6. (K) Shell lag (Nerinea)

on a bedding plane in sandstone lithofacies Sp at Locality 4. (L) Ophiomorpha with a downwards decreasing density in sandstone lithofacies Sc

at Locality 5. (M) Ophiomorpha nodosa network on sandstone bedding surface at Locality 5. (N) Subvertical Ophiomorpha nodosa in sandstone

at Locality 4. (O) Thalassinoides suevicus, slightly flattened by compaction, on sandstone bedding plane at Locality 8. (P) ?Nereites isp., N;
Terptichnus isp., T; and undetermined burrows, U, on sandstone bedding surface at Locality 6. Outcrop localities as in Figure 1B and Table 1

Location «
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FIGURE 6 Succession of vertically stacked dune cross-strata sets (lithofacies Sc) interpreted as a northwest-trending longitudinal tidal bar
(sand ridge). The bedding inclination at this locality includes at least 5° of secondary tectonic tilt. Locality 1 in Figure 1B, with the abandoned
Czaple quarry 1A (Table 1) and cliff location shown in the inset image from Google Earth
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Location

FIGURE 7

Succession of vertically stacked, bidirectional dune cross-strata sets (lithofacies Sc) interpreted as a northwest-trending

longitudinal tidal bar (sand ridge). Outcrop photographs A and B show cliff portions of the abandoned Czaple quarry 1C (Table 1), as indicated in

the inset image from Google Earth. Locality 1 in Figure 1B

Location

FIGURE 8

Interpretation
Tidal bar complex with
progradational lateral stacking

Succession of vertically stacked dune cross-strata sets (lithofacies Sc) interpreted as a complex of laterally superimposed,

northwest-trending longitudinal tidal bars (sand ridges). The three bars (see interpretive diagram) are demarcated by dashed white lines in the

outcrop photograph. The outcrop section was arbitrarily divided into four sectors (indicated by vertical black lines) in which the dip direction of

cross-strata sets was measured for the individual bars, with the sector datasets summarized as rose diagrams (n = number of measurements). The

inset image from Google Earth shows this abandoned Zerkowice quarry at Locality 8 (Figure 1B, Table 1) and the relative position of nearby

Locality 7 where similar data were collected (see Figure 9)

of sandstone lithofacies Sc. Thicker mudstone units, up to
15 cm, are thinly interlayered with sand and/or silt, forming
heterolithic beds (lithofacies H) beneath some of the sand-
stone cross-strata cosets.

Bioturbation occurs only locally (Milewicz, 1965,
1997; Bassyouni, 1984; Leszczynski, 2018). Burrows are

concentrated as patches on the surfaces separating cross-strata
cosets, especially where draped with mud, and in the topmost
parts (10—15 cm) of cosets, that are often intensely bioturbated
(BI 5-6) and show single burrows reaching down to nearly
1.5 m. Trace fossils include Ophiomorpha isp. (Figure 5L),
Ophiomorpha nodosa (Figure SM and N), Thalassinoides



154 |

LESZCZYNSKI ano NEMEC

suevicus (Figure 50), Nereites isp., Terptichnus isp. and
some small unidentified burrows (Figure 5P). The trace-fos-
sil assemblages seem to range between a stressed expression
of the Skolithos Ichnofacies and a proximal expression of
the Cruziana Ichnofacies (Leszczynski, 2018). Body fos-
sils are rare, represented by bivalves (mainly inoceramids),
gastropods, ammonites and echinoids (Milewicz, 1965;
Walaszczyk, 2008). Some crowded accumulations of marine
snails Nerinea (Figure 5K) were found at Localities 4 and 5
(Leszczynski, 2010, 2018). Sporadically present at Localities
5, 6 and 8 (Figure 1B) are scattered wood fragments of var-
ious sizes, aggregated imprints of large fishbones(?), patchy
shell pavements and discrete horizons rich in the imprints and
casts of shell debris. Some large driftwood fragments are pre-
served solely as clustered Teredolites, the casts of wood-bor-
ing bivalves (Leszczynski, 2018).

7.3 | Lithofacies associations

7.3.1 |

These sediment assemblages consist mainly of the cross-

Basin-axis tidal bars

stratified sandstones of lithofacies Sc and form mounded
sandbodies that are elongate roughly parallel to the synclino-
rium axis and virtually dominate the axial zone to the south-
east (Figures 6 through 9). The quarry outcrops show these
sandbodies as 5—15 m thick and apparently several kilometres
long, stacked laterally and vertically into complexes up to
50 m thick (Figure 8). Their internal architecture shows ver-
tically stacked two dimensional (2D) and three dimensional
(3D) dune cross-strata sets, with the bedding surfaces (cross-
set boundaries) slightly rising or subhorizontal and further
gently falling to the northwest (Figures 6 and 7). Transport
directions to the northwest locally dominate (Figure 6), with
larger dunes overstepping smaller ones (Figure 7B) but the
dune cross-sets are generally bidirectional (Figure 7A) and
show a wide range of transport directions (see rose diagrams
in Figures 8 and 9). Some cross-sets are underlain by local
drapes of lithofacies M. Interbeds of lithofacies Sw and Sr are
minor, with the latter showing mainly a reverse flow direc-
tion relative to that of the adjacent dune cross-strata (Figure
SA through C). The basal parts of sandbodies consist of
smaller dune cross-sets (Figures 6 and 9) and are occasion-
ally underlain by a heterolithic unit of lithofacies H, whereas
their top parts are commonly packages of interbedded litho-
facies Sp and Sw (Figures 6 and 9). Some of the sandbodies
show shallow (up to 3 m) isolated palacochannels at the top
(Figure 10), filled with lithofacies Sc and trending slightly
obliquely to the sandbody estimated long axis.

The elongate cross-stratified sandbodies are interpreted
as longitudinal tidal bars, known also as tidal sand ridges

N A S Y =
, — A

10 A

©  metres

FIGURE 9
sets of lithofacies Sc with interbeds of current-ripple and wave-ripple

Succession of vertically stacked dune cross-strata

cross-laminated lithofacies Sr and Sw, increasingly wave-worked at
the top (lithofacies Sw and Sp). The Medalion rock tor at Locality 7
(Figure 1B, Table 1; see also in the Google Earth image in Figure 8).
The succession is thought to represent a shoaling-upwards bar no. 3
displayed in Figure 8 (see interpretive diagram therein). The inset rose
diagram summarizes cross-strata palaeocurrent directions
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FIGURE 10 Portion of outcrop section in the Osiecznica quarry at Locality 12 (Figure 1B, Table 1). The topmost part of Zerkowice Member

comprises a northwest-prograding tidal bar complex with an embedded tidal palacochannel, overlain by a southwest-advancing basin-margin delta

wedge. The overlying basal part of the Czerna Formation consists of transgressive lagoon deposits. For outcrop details, see Figure 15

(Figure 11A and B; Allen, 1982; Berné, 2000; McBride,
2003), which extend roughly parallel to the direction of tidal
currents and grow seawards with a pronounced lateral mi-
gration component. They differ from transverse tidal bars,
also called sandwaves or compound tidal dunes, which are
approximately perpendicular to the currents (Houbolt, 1968;
Dalrymple, 1984; Dalrymple and Rhodes, 1995; Berné, 2000;
McBride, 2003; Olariu et al., 2012). Tidal sand ridges are
commonly associated with estuaries, tidal-inlet deltas, chan-
nel outlets in tide-dominated river deltas, narrow straits as
well as open shelf environments (Houbolt, 1968; Swift, 1975;
Reineck and Singh, 1980; Gaynor and Swift, 1988; Reynaud
etal., 1999a; Reynaud et al., 1999b; Snedden and Dalrymple,
1999; Berné et al., 2002; McBride, 2003; Longhitano and
Nemec, 2005; Chiarella et al., 2012; Longhitano et al., 2014;
Rossi et al., 2017). Their component tidal dunes, as in the
present case (lithofacies Sc in Figure 5A-C), range from 2D
to 3D (cf. Longhitano et al., 2014), commonly grow in thick-
ness by overstepping one another (Figure 7B) and often show
hydroplastic deformation of various origins (Chiarella et al.,
2016).

Unlike the sand ridges associated with estuarine river chan-
nels, the bars in the present case have non-erosional bases.

They are often underlain by inter-bar muddy heterolithic litho-
facies H (cf. Hein, 1987) and show an upward increase in flow
energy (dune and grain sizes) indicating an aggradational shal-
lowing culminating in the reworking by sea waves (Figures 6
and 9) after reaching the fairweather wave base. The alternation
of lithofacies Sw and Sp in bar cappings indicates considerably
fluctuating wave orbital velocity (Komar and Miller, 1975),
possibly including episodic erosion by storm waves (Clifton
and Dingler, 1984). The isolated palaecochannel features (Figure
10) are interpreted as tidal conduits cut over the sand-ridge top,
probably to accommodate a storm-boosted local flow of tidal
currents (cf. Dalrymple, 1984, 2010).

Based on the measurements from Localities 8§ and 7
(Figures 8 and 9), the individual tidal bars show a mean
thickness of dune cross-sets in the narrow range of 50-66 cm
and a consistent median value of 40 cm (Table 2). The mean
cross-set thicknesses are consistently higher than the median
values (Table 2), which indicates a positively skewed thick-
ness frequency distribution and implies a moderate excess of
larger dunes. This is probably an effect of the local dune over-
stepping and thickness amplification (Figure 7B). The stan-
dard deviations (variability) of dune cross-set thickness show
considerable bar-to-bar differences, in the range of 38—69 cm
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Hypothetical estimates:
Bar height (thickness) 10-15 m

Bar length up to 12-18 km
Formative water depth 15-20 m

FIGURE 11 (A) Idealized model of
a prograding longitudinal tidal bar (sand
ridge) with the hypothetical estimates of
bar dimensions and formative water depth
pertaining to the Zerkowice Member. (B)
Modern tidal sand ridge in the southern
North Sea; the white spots on water surface
(top right) are wakes of small motorboats.
(C) An array of coalescing tidal sand ridges,
fanning out from a strait in the Bahamas;
large cruise ship (encircled) for scale.

(D) Interpreted pattern of instantaneously
reversing tidal currents over a tidal

Bar width 1-1.5 km sand ridge inferred from palacocurrent
measurements (Figures 8 and 9). Photograph

images from Google Earth

Tidal

flood/ebb currents

(Table 2), which is probably an artefact of the derivation of
data from different parts of laterally stacked asymmetrical
bars (cf. outcrop interpretation in Figure 8).

Modern case studies reviewed by McBride (2003) show
that the height of tidal sand ridges may reach 40 m and their
length and width are in the range of 5-120 km and 0.5-8 km,
respectively. Based on the approximate equations given by
McBride (2003), the bar maximum thicknesses measured in
the present case (10—15 m) suggest bar lengths of 12—18 km
and widths of 1-1.5 km, with the bar formative water depth
of 15-20 m (Figure 11A). The acquired palacocurrent data
(rose diagrams in Figures 8 and 9) are broadly compatible

with the flow pattern expected for tidal current instantaneous
reversals over a sand ridge (Figure 11D; cf. Gaynor and
Swift, 1988; Snedden and Dalrymple, 1999; Reynaud et al.,
1999a, b), while the lateral and vertical stacking of sand
ridges into complexes (Figure 8) implies groups of coalesc-
ing adjacent coeval bars (Figure 11C).

7.3.2 | Basin-margin deltas

These are local wedge-shaped sediment assemblages com-
posed of lithofacies Sp, with subordinate intercalations of
lithofacies Sr and Sw and sporadic isolated dune cross-sets of
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TABLE 2
the tidal bar complex exposed at Locality 8 (Figure 8) and Locality 7

Statistical summary of dune cross-set thicknesses in

(Figure 9). Palacobathymetric estimates are based on equations used
by Dalrymple (2010)

Cross-set statistics Dataset
Bar |
Number of data: 12
Median thickness: 40 cm
Mean thickness: 50 cm
Standard deviation: 48 cm
Estimated bathymetry: 4-29 m
Bar 2
Number of data: 46
Median thickness: 40 cm
Mean thickness: 54 cm
Standard deviation: 38 cm
Estimated bathymetry: 5-31m
Bar 3
Number of data: 38
Median thickness: 40 cm
Mean thickness: 66 cm
Standard deviation: 69 cm
Estimated bathymetry: 6-38 m
Total
Number of data: 96
Median thickness: 40 cm
Mean thickness: 58 cm
Standard deviation: 54 cm
Estimated bathymetry: 5-33 m

lithofacies Sc, which extend from the synclinorium outcrop
margins towards its axis—transversely to the inferred tidal
sand ridges and effectively interfingering with or onlapping
the latter (Figures 12 to 15). The wedge-shaped sandbod-
ies extend basinwards from both the southwestern (Figures
12 and 13) and the northeastern side (Figures 14 and 15) of
the original synclinal basin, and their maximum thicknesses
preserved near the synclinorium margins are up to 20 m.
Common are drifted plant fragments. Trace fossils indicate
mainly a shore-proximal expression of Cruziana Ichnofacies
(Leszczynski, 2018).

These sandbodies are interpreted as basin-margin flu-
vial shoal-water deltas (sensu Leeder er al., 1988; Postma,
1990) or mouth bar-type deltas (sensu Dunne and Hempton,
1984; Wood and Ethridge, 1988), dominated by river fric-
tional effluent (lithofacies Sp; Wright, 1977) and fluctuating
wave action (lithofacies Sp and Sw; Komar and Miller, 1975)
with an influence of basin-axis tidal currents (lithofacies Sc;
Dalrymple, 1984, 2010). The advancing deltas apparently

impinged sidewise onto the basin-axis tidal bars (Figures
12 through 15). The shore-proximal subaerial parts of the del-
tas are scarcely preserved, removed by erosion of the syncli-
norium flanks (cf. Figure 14). The outcrop that comes closest
to show a fluvial feeder system is that of the delta wedge at
Locality 12 (Figure 15), where delta-top distributary palae-
ochannels are recognizable (see the top photograph, Figure
15), represented by coarser-grained cross-stratified sand-
stones (log interval 23-26 m in Figure 15) and interpreted as
fluvial channel-mouth deposits.

7.3.3 | Basin-margin nearshore deposits

These sedimentary assemblages, much like the subaerial
parts of basin-margin deltas, are only sparsely preserved
and seldom exposed along the eroded margins of the syn-
clinorium. They form another kind of basin-margin sand
wedges, with preserved thicknesses of up to 5 m, which
consist of the gently basinwards inclined (3-5°) deposits
of alternating lithofacies Sp and Sw (log interval 6-10 m
in Figure 16; intervals separating tidal bars in the log inter-
val 0-20 m in Figure 15). Common are subtle angular un-
conformities in the form of planar erosional surfaces. The
plane-parallel stratification in some units of lithofacies Sp
is as steep as 10-15° (Figure 5D), showing heavy-mineral
placers (Figure SE) and primary current lineation (Figure
5G). Sand is nearly pure quartz, very well sorted and poorly
cemented. Trace fossils are uncommon, representing an en-
vironmentally stressed version of the Skolithos Ichnofacies
(Leszczynski, 2018).

These deposits are thought to represent a wave-dom-
inated upper shoreface environment (Komar and Miller,
1975; Clifton and Dingler, 1984) of the basin shoreline
that prograded from both sides of the basin jointly with the
basin-margin local river deltas. Internal planar unconfor-
mities are attributed to episodic erosion by storm waves.
The advancing shoreface deposits locally interfingered
with the basin-axis tidal bars (Figure 15) and virtually
buried them in some areas (Figure 16). The more steeply
inclined packages of lithofacies Sp, with heavy-mineral
placers and parting lineation, are interpreted as foreshore
swash deposits (Allen, 1982), which would mean local
encroachment of the basin shoreline (e.g. Figure 16, log
interval 9.5-10 m).

8 | THE LOWER PART OF THE
CZERNA FORMATION

8.1 |

The overlying Czerna Formation in the southeastern part
of the North Sudetic Synclinorium is separated from the
Zerkowice Member of the Rakowice Wielkie Formation by a

Basal boundary
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Location

Interpretation

FIGURE 12 Outcrop section at Locality 1 (Figure 1B), in the active Czaple quarry 1B (see inset Google Earth image and Table 1), showing

a basin-margin delta interfingering with the SW flank of basin-axis tidal sand bar (see inset interpretative diagram). The relic fluvial palaeochannel

at the top represents forced regression that terminated deposition of the Zerkowice Member (cf. Figure 2)

B Shoal-water delta |
Foreset ~ 350/15°

i

Tidal-bar flank
Main cross-strata
direction ~310/30°

FIGURE 13 Outcrop detail from Locality 1 (Figure 1B), the active Czaple quarry 1B (see inset Google Earth image and Table 1), showing a

basin-margin shoal-water delta wedge onlapping the south-western flank of basin-axis longitudinal tidal bar

stratigraphic hiatus (Figure 2), which is an erosional uncon-
formity that declines to the northwest along the basin axis
and passes seawards into a correlative conformity (Milewicz,
1956, 1979; Walaszczyk, 2008). This erosional boundary
demarcates a dramatic change in the sedimentary facies and
depositional environment of the Coniacian North Sudetic
Basin (Figures 3 and 15 to 17).

82 |

Mudstone lithofacies M is prominent directly above the
basal boundary (Figures 3 and 15 to 17), forming units up

Lithofacies and trace fossils

to a few metres thick and ranging in colour from maroon
and orange, with ferricrete concretions or bands up 5 cm
thick, to greenish and dark grey with local siderite inter-
layers up to 7 cm thick. Some mudstone units are densely
interspersed with sand and/or silt streaks and thin inter-
layers, forming a heterolithic lithofacies H that is often
strongly bioturbated (BI 5-6) and occurs as units up to a
few metres thick (Figures 16B and 18K to O). Mudstones
are also intercalated with claystone lithofacies CL (Figures
15B and 18J) that forms units 0.1-1.2 m thick, ranging in
colour from maroon and orange with ferricrete interlayers
to greenish and dark grey or subordinately black (coaly).
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(A) Local sandstone isopach map of the Zerkowice Member (area indicated in the inset map), with the location of boreholes

and the quarries in Wartowice (Locality 4) and Zeliszéw (Locality 5); see localities in Figure 1B and Table 1; based on Drozdowski et al. (1978).
(B) Interpretation of the isopach map as a basin-margin delta that interfered with the northwest-prograding tidal bar complexes. Note the large

extent of basin-fill erosion due to the end-Cretaceous tectonic inversion

Another new facies are the coal beds of lithofacies C, up
to 25 cm thick and ranging from autochthonous, under-
lain by seat-earth, to hypautochthonous (Figures 16C, 17
and 18D). Fine-grained, ripple cross-laminated sandstone
beds of lithofacies Sr and Sw, 10-25 cm thick, occur as
sheet-like intercalations in lithofacies H or are overlain by
planar parallel-stratified sandstones of lithofacies Sp as
upwards coarsening couplets 0.5-2 m thick (Figures 16A,
17 and 18E and F). Many sandstone beds are variably ho-
mogenized by bioturbation. Cross-stratified sandstones of
lithofacies Sc are commonly medium to coarse-grained,
with admixed granules and small pebbles. This lithofa-
cies occurs solely as the infill of local palaeochannels,
a few metres deep and less than 100 m wide, trending to
the northwest and dominated by trough (3D dune) cross-
stratification (Figures 17 and 18G).

Trace fossils abound, including rhizoliths, rhizocretions
(Figure 18A) and densely plant root-penetrated palaeosols
(Figure 18B and C) of vertisol to histosol type (cf. Retallack,
2001). Only some of the palaecosol horizons are actual seat-
earths to coal beds (Figure 17). Common animal traces in-
clude Ophiomorpha (Figure 18I), Palaeophycus (Figure 18L),
Arenicolites (Figure 18M), Thalassinoides and Asterosoma
(Figure 18N). Leszczyniski (2010, 2018) reported in detail on
rich ichnofauna assemblages at Locality 9 (Figure 1B), while
pointing to the sparse bioturbation at some other localities, such
as the rare and taxonomically undetermined ichnofossils at
Locality 12 (Figures 1B and 15). Leszczynski (2010) reported
also on scattered mollusc shells, some buried in life position,
and on shell lags preserved solely as imprints. Sporadic hori-
zons with brackish-water bivalve and gastropod shells were de-
scribed earlier by Drescher (1863) and Milewicz (1965, 1997).

FIGURE 15

Sedimentological log and corresponding outcrop photograph (top) of the upper part of Zerkowice Member and the lowermost

Czerna Formation in the Osiecznica quarry at Locality 12 (Figure 1B, Table 1). Note the basin-margin delta wedge impinged sidewise onto the
basin-axis tidal system at the top of the Zerkowice Member and the overlying transgressive lagoonal deposits of the basal Czerna Formation,
split by a minor re-advance of the delta. For log legend, see Figure 4. Outcrop details (indicated at the log margin): (A) Sandy mouth bar of the
coarsening-upwards minor deltaic wedge. (B) Muddy lagoonal deposits directly below this deltaic wedge. (C) Sandy mouth bar of the main

delta wedge. (D) Bioturbated top of quasi-abandoned tidal bar. (E) Bidirectional dune cross-stratification in the tidal bar. (F) Gently northwest-
descending tangential cross-strata sets in the lower part of the prograding tidal bar. (G) Plane-parallel stratification in the wave-worked upper part

of the tidal bar
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8.3 | Lithofacies associations

8.3.1 | Basal fluvial deposits

The lower boundary of the Czerna Formation, as a subaerial
unconformity surface (Milewicz, 1956, 1979; Walaszczyk,
2008), is locally incised by northwest-trending isolated

Location
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fluvial palaeochannels filled with lithofacies Sc (Figure 12),
some influenced by tides before abandonment (Figure 17C).
These palacochannels are interpreted as representing an in-
cised fluvial drainage system directed along the basin axis to-
wards the northwest and influenced frontally by marine tides. The
incision of fluvial channels directly in littoral deposits (Figures
12 and 17C) strongly supports the notion of a forced regression.

FIGURE 16 Sedimentological log of the uppermost part of the Zerkowice Member and lower part of the Czerna Formation in the Zerkowice

quarry (Locality 9 in Figure 1B, Table 1). The tidal sand bar complex here was covered by a regressive sandy wedge of basin-margin shoreface to

foreshore deposits prior to emergence. The overlying paralic deposits indicate gradual marine inundation and eventual full flooding, followed by

encroachment of a basin-margin wedge of prodelta deposits. For log legend, see Figure 4. Outcrop details (indicated at the log margin and in the

inset Google Earth image): (A) Coarsening-upwards packages of bioturbated progradational prodelta deposits of lithofacies Sr. (B) Thin-bedded,

bioturbated lagoonal deposits of lithofacies H. (C) Muddy lagoonal deposits of lithofacies M with horizons of plant-root traces and brackish marine

burrows. (D) Wave-worked upper shoreface sandstone of planar parallel-stratified lithofacies Sp. (E) Dune cross-stratified sandstone of lithofacies Sc
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FIGURE 17 Sedimentological logs from quarries in Zeliszéw and Wartowice (Localities 4 and 5 in Figure 1B and Table 1), showing the
upward passage of the Zerkowice Member of the Rakowice Wielkie Formation to the Czerna Formation. Note that deposition of the Zerkowice
Member was terminated by emergence, with the tide-influenced fluvial palacochannel probably a time-equivalent of the fluvial palacochannel at
Locality 1 (Figure 12). The deposition of the Czerna Formation in this area commenced in a peat-forming terrestrial coastal-plain environment,
which was eventually flooded by marine transgression. The subsequent highstand normal regression involved rapid advances of the basin-margin

shoreface, culminating in the expansion of a basin-margin fluvio-deltaic system



8.3.2 | Paralic limno-lagoonal deposits

The overlying sedimentary succession of the Czerna
Formation commences with a widespread unit of fined-
grained deposits, 2-5 m thick, dominated by lithofacies

M, CL and H with subordinate intercalations of sandstone
lithofacies Sr and with autochthonous or hypautochthonous
coal beds of lithofacies C (Figures 15 through 17). Brackish
shelly fauna and ichnofauna accompany palaeosols and
accumulations of plant debris in this unit, locally even
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FIGURE 18 Lithofacies and ichnofauna of the lower part of the Czerna Formation. (A) Rhizoconcretions and (B and C) denser plant-root

penetration structures at the formation base at Locality 5 (Figure 17A). (D) Dark-grey claystone of lithofacies CL overlain by autochthonous coal

of lithofacies C in the basal part of the formation at Locality 5 (Figure 17B). (E and F) The overlying shoreface lithofacies Sp at this latter locality

(Figure 17B), showing a variable degree of bioturbation with Ophiomorpha(?). (G) Cross-stratified fluvial sandstone of lithofacies Sc in the top

part of the outcrop at the same locality (Figure 17B). (H) Tidally influenced fluvial palacochannel incised in the underlying formation at Locality 4

(Figure 17C). (I) Ophiomorpha in shoreface lithofacies Sp in the uppermost part of the outcrop at Locality 4 (Figure 17C). (J) Light-grey to reddish

claystone with ferricrete (lithofacies CL) passing upwards into iron-stained yellowish mudstone (lithofacies M) in the formation basal part at

Locality 9. (K) Lagoonal heterolithic deposits of lithofacies H at Locality 9, with (L) Palaeophycus and (M) Arenicolites burrows. (N) Prodelta

heterolithic deposits of lithofacies H with Thalassinoides and Asterosoma burrows at Locality 9. (O) Offshore-transition lithofacies H at Locality 9,

with interlayers of fine-sand lithofacies Sw heavily obliterated by bioturbation. Locality numbers as in Figure 1B and Table 1

directly at its base and within the same depositional bed.
This unit of coal-bearing muddy deposits is presumably the
Nowogrodziec Member of Milewicz (1985) (Figure 2).

Notable is the short-distance lateral variation in the thick-
ness of this unit and in the relative proportion of its compo-
nent lithofacies (cf. Figures 15 to 17). In the most distant
quarry outcrop to the northwest (Locality 12, Figure 1B),
this muddy unit is at least 9 m thick and split in the mid-
dle by a coarsening-upwards sandstone wedge, 2—4 m thick,
composed of lithofacies Sr, Sp and Sc (Figure 15, top). The
nearby boreholes N-14 and N-27 (Figures 1B and 3) show
that this muddy unit pinches out abruptly along the basin axis
towards the northwest by interfingering with a coeval promi-
nent sandbody, a few tens of metres thick, resting directly on
the sandstones of Zerkowice Member. This unexposed sand-
body has drawn little attention from previous researchers and
is somewhat enigmatic, as it pinches out only a couple of
kilometres farther to the northwest in the adjacent borehole
J-1 (Figure 1B; Marcinski, 1970), where marine muddy off-
shore-transition to offshore deposits dominate.

This coal-bearing muddy unit with brackish/marine fauna is
thought to represent a paralic environment comprising extensive
shallow lakes with peat-forming mires and small stream deltas.
The thick muddy deposits in the distal outcrop at Locality 12
(Figure 15 top) are considered to represent an expanding and
aggrading transgressive lagoon intruded sidewise by a south-
west-prograding basin-margin sandy delta wedge. The lagoon
was apparently sheltered from the open sea by the thick and
narrow ‘enigmatic’ sandbody recognized in boreholes N-14
and N-27 (Figure 3), interpreted herein as a cross-basinal trans-
gressive coastal sand barrier (cf. Sanders and Kumar, 1975;
Rampino and Sanders, 1981; Thom, 1984). It was probably the
formation and in-place growth of this inferred coastal barrier
that blocked the earlier fluvial drainage of the emerged south-
eastern part of the basin and turned this area into a peat-forming
paralic lacustrine plain with local stream deltas.

8.3.3 | Offshore transition to fluvio-
deltaic deposits

The exposed overlying deposits in the lower part of the
Czerna Formation consist of muddy heterolithic lithofacies

H intercalated with sheets of sandstone lithofacies Sr, Sp
and minor Sw. They form coarsening-upwards or sporadi-
cally fining-upwards packages, 0.5-1.5 m thick (Figures
16 and 17) and variably bioturbated (BI 0-6). Palaeosols
and coal beds are lacking. Abundant trace fossils indicate a
spatially and temporarily varying mosaic of the Teredolites,
Skolithos and Cruziana ichnofacies (Leszczynski, 2018).
The uppermost exposed deposits are arrays of laterally
and vertically stacked palaeochannels, 3-4 m deep and
100-120 m wide, filled with the cross-stratified sand-
stones of lithofacies Sc (Figure 17 top), mainly medium to
coarse-grained.

This part of the sedimentary succession, little more than
10 m thick (Figures 16 and 17), is thought to represent a
marine offshore-transition environment (cf. Howard and
Reineck, 1981; Laprida et al., 2007; Dashtgard et al., 2009)
that underwent rapid shallowing by a spasmodic encroach-
ment of basin-margin shoreface and prodelta sand wedges
(cf. Elliott, 1974; Laprida et al., 2007). The shallowing of the
marine environment, apparently driven by storms and deltaic
river floods, culminated in the expansion of the basin-margin
alluvial plain with small shoal-water deltas, fluvial channels
and associated floodplain crevasse-splays (Figure 17, top).

9 | DISCUSSION

9.1 | Palaeogeographic development

The North Sudetic Basin formed as a narrow synclinal trough
in the mid-Cretaceous, as an early side effect of the Alpine
orogeny. The trough was open to the northwest to the East
Brandenburg Basin of the Boreal marine province (Musstow,
1968; Ziegler, 1990; Voigt et al., 2008). It was initially con-
nected by a non-preserved strait to the southeast with the adja-
cent Intra-Sudetic Basin and Bohemian Basin of the Tethyan
province (Figure 1A; Partsch, 1896; Scupin, 1910; Ziegler,
1990; Voigt et al., 2008; Leszczyriski, 2010, 2018; Mitchell
et al.,2010). The hypothetical strait is estimated to have been
three to four-times narrower than the North Sudetic Basin it-
self (cf. Figure 19) and is thought to have acted as a sediment
bypass zone funnelling confinement-enhanced tidal currents.
Its existence is evidenced by the localized accumulation of



LESZCZYNSKI axo NEMEC

| 165

multiple, northwest-advancing tidal sand ridges in the south-
eastern head-part of the basin (cf. Longhitano, 2013).

The synclinal basin accumulated Late Cretaceous deposits
before being tectonically inverted into the present-day North
Sudetic Synclinorium (Figure 1B) by the regional climax of
the Alpine orogeny at the end of the Cretaceous (ZelaZniewicz
et al., 2011). The present study focuses on the Coniacian
stage of evolution of the North Sudetic Basin (Figure 2),
when a combination of tectonic and eustatic forcing resulted
in a dramatic change in the basin palacogeography and sedi-
mentary environment. The mid-Coniacian witnessed a ‘world
change’ in the North Sudetic Basin, as discussed in the fol-
lowing reconstruction of the Coniacian development in the
southeastern inner part of the basin (Figure 19).

The Coniacian North Sudetic Basin was a long and rel-
atively narrow marine embayment open to the northwest,
with a hypothetical bayhead inlet funnelling amplified tidal
currents. The result was a northwest-directed advance of a
basin-axis littoral sand platform built of amalgamated tidal
sand ridges (Figure 19A; cf. Figure 11C). The lateral margins
of the basin hosted a coeval wave-dominated sandy shoreline
with local shoal-water stream deltas (Figure 19A).

It is pertinent to mention at this point that a vigorous
tide-driven marine palaeocirculation in this Late Cretaceous
Central European seaway linking the Boreal and Tethyan
provinces was indicated by studies of the nearby Bohemian
Basin (Voigt et al., 2008; Mitchell et al., 2010). The Imperial
College Ocean Model (ICOM) in boundary-forced runs pre-
dicted a maximum sea floor shear stress of 0.8-6.6 N m ™~ for
the North Sudetic Basin (Mitchell et al., 2010) and expected
to be much higher for the basin's narrow bayhead inlet. The
ICOM hydrodynamic simulations by Mitchell et al. (2010)
predicted also a pattern of instantaneous bidirectional cur-
rents, which would correspond rather well with the palae-
ocurrent data from interpreted tidal sand ridges in the present
study (Figures 8, 9 and 11D). The tidal exchange and inter-
mixing of Boreal and Tethyan waters within the North Sudetic
Basin was probably inhospitable to marine fauna, which may
explain the relative sparsity of fauna in the sandstones of the
Rakowice Wielkie Formation (Figure 2; cf. Gani et al., 2007).

The tide-dominated littoral sand platform, with side-
wise impinging basin-margin shoreface and deltaic sys-
tems (Figure 19A), advanced along the basin axis to an

estimated distance of about 70 km by the mid-Coniacian
(Figure 19B)—when the Alpine tectonism abruptly closed
the bayhead tidal inlet and uplifted the southeastern part of
the basin. This regional tectonic event coincided with the
KCol eustatic episode of major sea-level fall (Haq, 2014;
see curve in Figure 2). The resulting forced regression
made the emerged littoral platform subject to denudation
and dissection by rivers, with the scant area of tide-influ-
enced terrestrial sedimentation shrinking towards the con-
temporaneous shoreline (Figure 19C).

The subsequent onset of marine transgression driven by the
KCo2 eustatic sea-level rise (Haq, 2014; see curve in Figure
2) turned the frontal edge of the basin's former littoral sand
platform into an aggrading coastal sand barrier sheltering a
limno-lagoonal paralic plain (Figure 19D) with a flourishing
vegetation and common brackish fauna. This palaeoenvi-
ronment hosted deposition of the mud-rich and coal-bearing
lithostratigraphic unit distinguished by Milewicz (1985) as the
Nowogrodziec Member (Figure 2), although it is possible that
some of the basal paralic deposits in this unit—Ilike its basal
isolated fluvial palacochannels (cf. Figures 12 and 17C)—are
local relics of the preceding forced regression (Figure 19C).

The aggrading transgressive barrier was eventually
drowned by the sea (cf. Sanders and Kumar, 1975; Rampino
and Sanders, 1981; Thom, 1984), whereby the sheltered
limno-lagoonal plain to the southeast was abruptly flooded
by the sea (cf. Figures 16 and 17) and turned briefly into
a marine offshore-transition embayment (Figure 19E). As
the rate of relative sea-level rise declined, the uplifted bay-
head zone and basin margins yielded sediment causing rapid
shoreline advance with a concentric encroachment of fluvio-
deltaic systems (Figure 19F) and similar expansion of terres-
trial alluvial plain (cf. top part of Figure 17A and B).

The transgressive coastal sand barrier (Figure 19D), unex-
posed and hypothetical, is invoked in the present reconstruc-
tion for two main reasons. Firstly, to explain the ‘enigmatic’
spatial thickness relationships of sandy and muddy litho-
somes indicated by boreholes in this part of the basin (see
text section 8.3.2). Secondly, to explain why the flat coastal
plain, instead of being instantly drowned by the KCo2 eu-
static transgression, was able to accumulate the ‘sheltered’
succession of coal-bearing limno-lagoonal deposits of the
Nowogrodziec Member (sensu Milewicz, 1985).

FIGURE 19

Schematic interpretative reconstruction of Coniacian palacogeography and sedimentation in the southeastern inner part of

the North Sudetic Basin. (A) The littoral system of coalescing tidal sand ridges of the Zerkowice Member (Figure 2) progrades to the northwest,

impinged on laterally by the basin-margin nearshore and deltaic sandy systems. (B) This tide-driven littoral sand platform reaches its maximum

basinward extent, terminated by the closure of the basin bayhead tidal strait and a forced marine regression. (C) The emerged former littoral sand

platform is denudated and incised by river channels, with the coastal area of paralic sedimentation shrinking basinwards; this stage of development

marks the top of the Zerkowice Member. (D) The onset of subsequent eustatic sea-level rise creates a transgressive, aggrading coastal sand barrier

at the outer edge of the former littoral sand platform, with a barrier-sheltered lagoonal to paralic bayhead alluvial plain. (E) The aggrading coastal

sand barrier is eventually drowned by the sea, whereby the bayhead paralic plain becomes briefly an offshore-transition marine zone. (F) The

rebounding sediment yield from the basin's elevated margins causes rapid shallowing by the lateral encroachment of nearshore and fluvio-deltaic

systems; the diagram portrays the beginning of the late Coniacian normal-regressive advance of the Czerna Formation (cf. Figure 2)
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Sequence-stratigraphic interpretation of the Coniacian sedimentary succession in the southeastern part of the North Sudetic

Basin, displayed as a basin longitudinal cross-section (schematic, not to scale). The hypothetical notion of an in-place aggrading and drowned

transgressive coastal sand barrier (unexposed) is based on the great thickness of sandstones in borehole N-27 and their apparent lack in adjacent

boreholes J-1 and W IG-1 only a few kilometres farther to the northwest along the basin axis (Figure 1B). For discussion, see text

92 |

The present study of the Coniacian succession in the North
Sudetic Basin (Figure 19) encompasses stratigraphically the
uppermost regressive sandstone wedge (Zerkowice Mb.) of
the Rakowice Wielkie Formation and the lower transgressive
to regressive part of the overlying Czerna Formation (Figure
2). This stratigraphic interval is crucial in the basin history,
recording a dramatic change in the basin palacogeography
and sedimentary environment.

In terms of sequence stratigraphy (Figure 20), the
Zerkowice Member represents a normal-regressive high-
stand systems tract (Figure 19A and B). Its development
ended in a forced regression (Figure 19C) caused by a
combination of regional tectonics and eustatic sea-level
fall (cf. curve in Figure 2). The resulting erosional hiatus
in the southeastern part of the basin passes into a correl-
ative, normal-regressive deltaic lowstand systems tract in
the unexposed northwestern part of the basin (Figure 20).
The forced-regression unconformity is overlain by a trans-
gressive systems tract represented by the Nowogrodziec
Member of Milewicz (1985) and includes the hypothetical
transgressive aggradational coastal sand barrier (Figures
19D and 20). Maximum marine flooding occurred with
the barrier in-place drowning (Figures 19E and 20). The
overlying exposed deposits of the lower Czerna Formation
(Figure 17, upper part) represent a normal-regressive
highstand systems tract (Figures 19F and 20).

Sequence stratigraphy

In regional subsurface exploration, the thick and narrow
‘enigmatic’ sandbody found by boreholes N-14 and N-27
(Figures 1B and 3) was lumped stratigraphically with the
sandy Zerkowice Member. In the present interpretation, this
sandstone lithosome is an in-place drowned transgressive
coastal sand barrier (Figure 20) belonging stratigraphically
to the lowest part of the Czerna Formation as a lateral equiv-
alent of the Nowogrodziec Member of Milewicz (1985) and
being responsible for this member's accumulation.

It is worth noting that the Late Cretaceous pattern of ma-
rine transgressions and regressions in the North Sudetic Basin
correlates rather well with eustatic sea-level changes (Figure
2), with the coincidental mid-Coniacian pulse of regional
Alpine tectonism adding its critical effect to the eustatic im-
pact on the basin. This Late Cretaceous record in the north-
ern outer part of the Central European Boreal-Tethys seaway
differs apparently from that in the midway-located Bohemian
Basin to the south (Figure 1A; Voigt et al., 2008; Uli¢ny et
al., 2009; Mitchell et al., 2010; Nadaskay and Uli¢ny, 2014).
The eustatic signal may have been obscured by the compli-
cated topography and palaeogeography of this large basin
and by a different local impact of the Alpine tectonism.

10 | CONCLUSIONS

The present study has reconstructed the Coniacian palacogeog-
raphy and palaeoenvironment of the North Sudetic Basin—a
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synclinal trough within the Late Cretaceous Central European
seaway linking the Boreal and Tethyan marine provinces. The
basin formed in the mid-Cretaceous as an early regional side
effect of the Alpine orogeny, and the Coniacian was a crucial
stage in this basin's evolution and stratigraphic history.

The synclinal basin in the early Coniacian was a long and
narrow shallow-marine embayment with a hypothetical bay-
head strait funnelling amplified tidal currents. A littoral plat-
form composed of coalescing tidal sand ridges prograded from
the bayhead zone along the basin axis, while being impinged
on from the sides by the basin-margin shoreface and deltaic
systems.

A mid-Coniacian forced marine regression and closure of the
bayhead strait, attributed to the regional Alpine tectonism com-
bined with eustasy (KCol sea-level fall), brought about a dra-
matic change in the basin. The basin-wide littoral sand platform
abruptly emerged and turned into a denudated terrestrial plain.

The late Coniacian eustatic marine transgression (KCo1/2
sea-level rise) formed an aggradational coastal sand barrier
at the outer edge of the former littoral platform, sheltering
a paralic limno-lagoonal environment with peat-forming
mires. The inferred barrier was eventually drowned in-place
by the sea, whereby the maximum marine flooding occurred,
followed by a highstand normal regression recorded as a rap-
idly upwards-shallowing succession of offshore-transition to
fluvio-deltaic deposits.

This case study of the sedimentation pattern in an evolv-
ing synclinal marine embayment, controlled by both eustasy
and contractional tectonics, contributes to the existing facies
models for estuarine embayments formed by a passive marine
drowning of incised fluvial or glacial valleys and for tide-
dominated marine extensional tectonic grabens. It is also a
significant regional contribution to the understanding of the
Late Cretaceous sedimentation in the Central European sea-
way linking the Boreal and Tethyan marine provinces.
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