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ABSTRACT

The integrated stratigraphy, ichnology, depositional processes, sedimentary environments, and economic im-
portance of the North Sudetic Cretaceous (Cenomanian to Santonian) are presented. The sediments of the
North Sudetic Cretaceous were deposited in a narrow, northwest-trending basin at the northern periphery of the
Bohemian Massif, between the West Sudetic Island to the southwest and the East Sudetic Island to the north-
east. The basin was one of the Central European seaways linking the Boreal and Tethyan marine provinces. The
sedimentary succession comprises shallow-marine, lagoonal, fluvio-deltaic, and paludal/lacustrine sediments
deposited in response to the bathymetric configuration of the basin and contemporaneous sea-level changes

controlled by eustasy and Alpine tectonism.

INTRODUCTION

The Cretaceous of the North Sudetic Syncli-
norium (NSS) constitutes an important part
of the Cretaceous System in Central Europe,
both from the point of view of pure geology,
especially palaeontology, as well as for ap-
plied geology, especially its economic branch.
The Cenomanian-Santonian part of the NSS is
a mostly siliciclastic succession. The depos-
its have been explored in many respects and
exploited for several hundred years. The first
geological description of a small fragment
of the area was given by Charpentier (1768),
and the earliest, brief geological description
of the basin by von Raumer (1819). Research
conducted since the nineteenth century, first
by German and then by Polish geologists, al-

lowed for the recognition of the stratigraphic
architecture of the sedimentary succession
and the processes and palaeoenvironmental
conditions of its accumulation. Research has
provided valuable palaeontological and ich-
nological data, contributing significantly to
the overall understanding of the Cretaceous
System. Last, but not least, the NSS Cretaceous
is of great regional economic importance be-
cause of the natural resources it hosts.

GEOLOGICAL SETTING

The NSS is a tectonic unit situated in the north-
ern foreland of the Variscan Orogen of the
Sudetes (Berg 1913; Born 1921), in the north-
ern marginal zone of the Bohemian Massif
(Fig. 1A). The unit extends SE-NW along the
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Fig. 1. Geological setting of the fieldtrip area. A - Location of the North Sudetic Synclinorium relative to the northern margin
of the Bohemian Massif; geological map without Cenozoic, modified from Pozaryski et al. (1969). B - Geological map of the
North-Sudetic Synclinorium and adjacent areas, without Quaternary deposits, compiled from Badura (2005), Cymerman et
al. (2005a, b), Kozdroj et al. (2005), Przybylski et al. (2005), Sztromwasser (1995) and Halamski et al. (2020); partly reinterpreted
by S. Leszczynski, with the location of fieldtrip stops marked.
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Sudetic Boundary Fault and comprises a
succession of Late Carboniferous, Permian,
Early to Middle Triassic, and Late Cretaceous
(Cenomanian-Santonian) strata, mostly silici-
clastic sedimentary rocks and Late Palaeozoic
volcanics, resting unconformably upon the
Variscan basement (Scupin 1910; Oberc 1962,
Sliwinski et al. 2003; Chrzagstek and Wojewoda
2011). The NSS is bordered to the northeast by
the elevated crystalline Fore-Sudetic Block,
devoid of Mesozoic deposits, and by its north-
western envelope known as the Zary Pericline,
with a Permian to Middle Triassic depositional
cover. To the southwest, it is bordered by the
elevated Gorlitz and Kaczawa fold belts com-
posed of pre-Permian metamorphic rocks
(Zelazniewicz et al. 2011). The complex in-
ternal structure of the NSS is due to faulting
and inversion related to the multiphase con-
vergence between Africa-Iberia and West-
Central Europe (e.g., Kley and Voigt 2008) in
the Cretaceous to Paleogene (Solecki 2011),
the detailed timing of which is poorly con-
strained (Sobczyk et al. 2019 and references
therein). Faults subdivide the NSS into subor-
dinate units of various scale, most sharing the
Cretaceous cover (Scupin 1913; 1931; Milewicz
1968). Only the southeastern part of the NSS
Cretaceous crops out at the surface, with the
rest hidden under various, mostly terrestrial,
Cenozoic sediments and volcanics (Fig. 1B).
The stratigraphy and lithofacies of these sed-
iments, as well as the character and age of
volcanics, indicate that in the Paleogene-
Miocene this area was elevated and subject
to peneplanation, basement weathering, and
faulting (Oberc 1962; Jahn 1980; Migon and
Lidmar-Bergstrobm 2001; Badura et al. 2004
and references therein). Differential subsid-
ence with widespread terrestrial sedimen-
tation occurred in the Miocene (Oberc, 1962;
Dyjor 1995). The present-day relief shows a
significant influence of prominent Oligocene-
Miocene volcanism (Birkenmajer et al. 1966,
2004; Badura et al. 2005; Ulrych et al. 2011)
and various Quaternary processes, particularly
Pleistocene glaciation.

The NSS is a well-preserved axial relic of
a Late Cretaceous sedimentary basin, called
the North Sudetic Basin (NSB), that developed
within the area of a former Late Palaeozoic-
Jurassic(?) basin. Like the other Late Creta-
ceous basins of the Bohemian Massif, the NSB

was formed at the Central European interface
of the Tethyan and Boreal provinces by the
regional reactivation of older, mainly Variscan
fault zones dissecting the Bohemian Massif
and its surroundings (Fig. 2). The initiation of
these basins coincided with the worldwide
Cenomanian transgression. As a result, a major
part of Central Europe, including large areas of
the Bohemian Massif, the present-day Sudetes,
and their foreland, were flooded (Voigt et al.
2008), forming an island-dotted seaway, the
so-called European Archipelago, between the
Tethys and the Boreal Ocean (Csiki-Sava et al.
2015). The NSB formed a southeastern exten-
sion of the East Brandenburg Basin (Musstow
1968; Voigt et al. 2008) and was at least tem-
porarily connected by hypothetical straits with
the adjacent Intra-Sudetic Basin and further
with the large Bohemian Basin (Fig. 2; Partsch
1896; Scupin 1910; Leszczynski 2018).

STRATIGRAPHY

The North Sudetic Cretaceous forms an over
1000 m thick sedimentary succession (Mile-
wicz 2006) comprised of sandstones, mud-
stones, claystones, and marlstones, with sub-
ordinate limestone intercalations in the lower
part and thin coal intercalations in the upper
part. The limestones occur exclusively in the
northwestern part of the NSS, and are known
only from drill cores. The sediments are known
to host a rich assemblage of body and trace
fossils, both fauna and flora (Goeppert 1841,
1844, Drescher 1863; Williger 1882; Scupin
1913; Leszczynski 2010, 2018; Chrzastek and
Wypych 2018; Halamski et al. 2020, and refer-
ences therein), which - together with physical
sedimentary features - indicate mostly near-
shore, paralic, and offshore marine deposition
(Beyrich 1849; Drescher 1863; Williger 1882;
Partsch 1896; Scupin 1910; Milewicz 1965, 1996;
Leszczynski 2010, 2018; Chrzgstek and Wypych
2018; Leszczynski and Nemec 2020; Halamski
2020; Kowalski 2021). Outcrops and drill cores
demonostrate considerable lateral and vertical
variation of these lithofacies assemblages, with
siliciclastic sandstone lithosomes dominant to
the southeast and pinching out in mudstones
and marlstones towards the northwest (Fig. 3).

The lithostratigraphic interpretation of the
North Sudetic Cretaceous has evolved with
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Fig. 2. Palaeogeography of southern Poland and adjacent areas during the Turonian (A) and the middle Coniacian regression
(B); based on Ron Blakey from Csiki-Sava et al. (2015) and Kowalski (2021), modified for Poland and neighbouring areas by S.
Leszczynski. Abbreviations: ESI - East Sudetic Island(s); WSI - West Sudetic Island(s); Ti-Da - Tisia-Dacia Block.
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time (see review by Milewicz 1996). The exist-
ing lithostratigraphy (Fig. 3) was proposed by
Milewicz (1985), who - based on earlier German
and later Polish data - subdivided the succes-
sion into three formations. The marine lower
half of the succession - dominated by sand-
stones to the southeast and by mudstones,
marlstones, and limestones to the northwest
- was designated the Rakowice Wielkie For-
mation, with its main sandstone lithosomes
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distinguished as separate members (the Wil-
kow, Chmielno, Dobra, and Zerkowice Mem-
bers; Fig. 3). The upper half of the succession
was divided by Milewicz (1985) into two co-
eval formations, referred to as the Wegliniec
Formation and the Czerna Formation (Fig. 3).
The former is marine, ca. 250 m thick, and is
composed chiefly of mudstones, whereas
the latter to the southeast is paralic, attains a
thickness of ca. 500-800 m, and comprises
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Fig. 3. The Upper Cretaceous stratigraphy of the North Sudetic Synclinorium, shown in axial cross-section. Lithostratigraphy is
after Milewicz (1996), chronostratigraphy after Walaszczyk (2008) and Halamski et al. (2020), and numerical ages after Cohen
et al. (2013); the corresponding eustatic curve is redrawn from Hag. (2014).

sandstones intercalated with mudstones, clay-
stones, and thin coal seams, and is autoch-
thonous to hypautochthonous (Milewicz 1985,
1996). The mud-dominated limnic lowermost
part of the Czerna Formation, rich in coal and
2-50 m thick, was distinguished by Milewicz
(1985) as the poorly defined Nowogrodziec
Member (Fig. 3).

The first biostratigraphic dating of the
sedimentary succession, based by Beyrich
(1855) on bivalves and ammonites, indicated
a Cenomanian-Senonian age. Milewicz (1958)
limited the age of the upper part of the suc-
cession to the Santonian, and Krutzsch (1966)
specified it further to the early Santonian.
Milewicz (1956, 1969) also postulated a late
Coniacian (late Emscherian) hiatus between
the Rakowice Wielkie Formation and the
Czerna Formation in the southeastern part of
the North Sudetic Synclinorium, with a de-
crease in the duration of this stratigraphic gap
towards the northwest (Fig. 3).

A more recent biostratigraphic study by
Walaszczyk (2008) revised the succession
chronostratigraphy. The boundary between
the Rakowice Wielkie Formation and the over-
lying Wegliniec and Czerna Formations was
assigned to the middle/late Coniacian transi-
tion, with the Coniacian/Santonian boundary in

Sandstone

the middle of these latter formations, and the
hiatus discussed above corresponding to the
late middle Coniacian. Recent palaeobotanical
studies by Halamski et al. (2020) speak for a
local hiatus such as that indicated by Milewicz
(1996). This revised chronostratigraphy is fol-
lowed in the present guidebook (Fig. 3).

SEDIMENTOLOGICAL
CHARACTERISTICS AND ORIGIN

The Rakowice Wielkie Formation

The sedimentary succession of the North
Sudetic Cretaceous starts with a 5-40 cm
thick pebbly conglomerate or pebbly sand-
stone resting almost conformably upon Late
Carboniferous-Middle Triassic sedimentary
and volcanic rocks, which are also found lo-
cally as clasts in the basal part of the unit
(Fig. 4; see fieldtrip stops 1 and 10). The grav-
elly deposits pass upwards into very coarse-
and medium-grained sandstones, and fur-
ther into fine-grained sandstones. These are
quartzose arenites to poor wackes with a
small admixture of lydites and siliceous shists,
mainly massive (structureless) or large-scale
cross-stratified, and are largely unfossiliferous.
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Fig. 4. The Cenomanian Wilkow Member and its relationship to the underlying deposits. A - General view of the unit and
its relationship to the underlying Early Triassic sandstones of the Radtowka Formation. B — The boundary (ravinement sur-
face) between the Triassic and Cenomanian sediments. Note differences in sediment grain size. C - Texture of structureless
Wilkow Sandstone. D - Normal grading in structureless sandstone, highlighted by the granule sandstone tempestite located
in the basal part of bed (a). E - Molds of bivalve shells at the sole of structureless tempestite sandstone bed. Pictures A to
C are from fieldtrip stop 1 (in Lwowek Slaski), D and E are from the Wilkéw Sandstone in an abandoned quarry between the
villages of Niwnice and Kotliska (7.5 km northwest of Lwdwek Slaski). All photographs by S. Leszczynski.

The fossils consist of mostly bivalves (Pecten
asper Lamarck, P. hispidus Goldfuss, Exogyra
columba Lamarck, Ostrea carinata Lamarck,
Inoceramus bohemicus Leonhard, [ pictus
Sowerby, Mytiloides hercynicus (Petrascheck),

6 | CRETACEOUS OF POLAND: FIELD GUIDES

single cephalopods, brachiopods, and echino-
derms; numerous fish bones have been found
in the sandstones (Drescher 1863; Scupin 1913;
see Milewicz 1996). In the northwestern part of
the NSS, the sandstones are calcareous and
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glauconitic (Milewicz 1996). The deposits were
called the Unterquader by German geologists
(Scupin 1906, 1913). Milewicz (1985, 1996) dis-
tinguished them as the Wilkdw Sandstone
and included them into the Rakowice Wielkie
Formation. Their thickness reaches 135 min the
southeastern part of the NSS and decreases to
several metres in the northwestern part of the
unit (Milewicz 1996). The top part of the unit is
locally marked by an iron hydroxide-impreg-
nated layer, up to 30 cm thick.

The Wilkow Sandstone is overlain by a suc-
cession of fine-grained sediments constituting
the sedimentary background of the Rakowice
Wielkie Formation. These start with dark-grey
sandy and silty marls, marly siltstones, mud-
stones, and subordinately clayey ironstones,
locally rich in various fossils and highly bio-
turbated (Milewicz 1960, 1996; Pldner in the
German literature). The sediments become
sandier upwards and are virtually sand-dom-
inated to the southeast, where German geo-
logists distinguished the Pldaner Sandstein (e.g.,
Scupin 1913; see fieldtrip stop 2). In the north-
western part of the NSS, intercalations of grey
to dark-grey, thin- to thick-bedded mudstone
and wackestone- to packstone-, dolomitic,
glauconite-bearing marly limestones appear
in the higher part of succession. The latter
subsequently develops into a homogenous
limestone unit, up to 110 m thick, transition-
ing upward into a succession of interbedded,
dark-grey to black, clayey, silty and sandy
marls and calcareous mudstones (Milewicz
1996). The limestones are known from drill-
ings in the northwestern part of the NSS and
disappear to the southeast (Milewicz 1996).
Rare fossils, mostly bivalves and brachio-
pods recorded in limestones from the lower
part of the sedimentary succession, include
Inoceramus crippsi Mantell, I. pictus Sowerby,
and Mytiloides hercynicus (Petrascheck) (Mile-
wicz 1966). Different inoceramids, including
Mytiloides labiatus (Schlotheim), and Mytiloides
mytiloides (Mantell), and foraminifers occur
in the higher, lower Turonian part of the fine-
grained succession (Milewicz 1996). Several
inoceramid taxa, including /noceramus costel-
latus Woods, I. inaequivalensis modestus Heinz,
and Cremnoceramus inconstans (\Woods) have
been found higher, in the upper Turonian-
lower Coniacian part of this succession, and
Volviceramus koeneni (Muller) and [ kleini

Muller are reported from its top in the north-
western part of the NSS (Milewicz 1996).

The fine-grained succession of the Rako-
wice Wielkie Formation thins to the southeast,
where itis split by wedges of the Chmielno and
Dobra Sandstone Members and topped by an
extensive wedge of the Zerkowice Sandstone
(Fig. 3).

The Chmielno Sandstone (Mittelquader ac-
cording to Scupin 1913; Rabendockensandstein
and Ludwigsdorfer Sandstein in Scupin 1935;
see fieldtrip stop 3) is a unit composed of
light-grey and beige, mostly coarse-grained,
locally pebbly sandstone that is massive,
faintly cross-stratified, and rarely plane-par-
allel stratified (Figs 5-9); compositionally, it is
quartzose with a small admixture of feldspar
and a sparse kaolinitic and ferrous cement.
Numerous soft-sediment convectional distur-
bances with characteristic shapes (e.g., folds,
helicoidal torsions) occur locally (Figs 6C, 7B,
F). In some places, gravelly material is im-
mersed in the underlying sand (drop-shaped
load casts; Figs 6, 9B) The unit is up to g0 m
thick, splitting to the northwest into two sub-
ordinate wedges (tongues). The lower one
consists of coarse-grained sandstones in the
lower part, whereas the upper shows an op-
posite vertical grain-size trend (Milewicz 1996).
The lower and upper boundary of the unit are
sharp. The top surface is covered by a layer of
clayey ironstone. The sandstones contain fairly
rich fossil fauna, including inoceramids (M. la-
biatus, M. hercynicus, I lamarcki Parkinson, |.
costellatus), other bivalves (Pinna decussata
Goldfuss, Lima canalifera Goldfuss, Pecten
acuminatus Geinitz, Pectunculus geinitzi d'Or-
bigny, Cardita geinitzi d'Orbigny), and some
brachiopods, as well as trace fossils (mainly
Ophiomorpha nodosa).

The Dobra Sandstone is a thinner unit,
known from a narrow zone along the northern
margin of the NSS southeast to northwest of
Bolestawiec. The unit is composed of coarse-
to fine-grained quartzose, and is mostly rep-
resented by cross-stratified sandstones. Their
thickness does not exceed a few dozen me-
tres (Milewicz 1985, 1996).

The Zerkowice Sandstone Member (Ober-
quader in German literature; see fieldtrip stops
4-8) is the uppermost lithostratigraphic divi-
sion of the Rakowice Wielkie Formation in the
southeastern part of the NSS, where this sandy
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Fig. 5. Sandstones of the Chmielno Member at fieldtrip stop 3, site A (see Figs 1B and 33). Sandstones and gravelly sandstones
of the lower part of the profile, mostly cross bedded in large- and small-scale cosets, with conglomeratic layers and highly
bioturbed sediments. All photographs by J. Wojewoda.
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Fig. 6. Large-scale deformations of primary sedimentary structures in sandstones of the Chmielno Member at fieldtrip stop
3.A B - from site |, C from site J (see Fig. 33); drop-like load structures in the conglomerates of the upper part of the "Krucze
Skaty" profile (contorsions and sinked gravel ripples?); the cross beddings indicate the dominant palaeocurrent was towards
the north. All photographs by J. Wojewoda.

19




STANISLAW LESZCZYNSKI ET AL.

160/70

s 1E{ighlﬂ - -
.. vertically oriented
w layering surface

“7200/45-75

N

helicoidal torsions
of the layering surfaces

L

RO

Fig. 7. Sandstones of the Chmielno Member. Examples of deformation structures within nonconsolidated sediments (kink
bands, helicoidal torsions) and tectonic deformations (striation on tectonic mirrors, Riedel T-shears); fieldtrip stop 3. A - from

site B. B - from site E. C - from site C. D - from site F. E - from site D (see Fig. 33). All photographs by J. Wojewoda.
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Fig. 8. Sandstones of the Chmielno Member at fieldtrip stop 3, site K (see Fig. 33), approximately 400 m south of the previous
sites, without any signs of deformation. Photograph by J. Wojewoda.

lithosome is exposed and has been subject to
open-pitmining for several centuriesasahighly
valued dimension stone. The lower bound-
ary of the unit is generally distinct, with fine-
grained quartzose sandstones conformably
overlying a lithosome of dark-grey mudstones,
with a silty transition (Fig. 10). The boundary
is less distinct and rather controversial in the
northern part of the NSS, where the mudstone
lithosome pinches out and the sandstones of
the Zerkowice Member directly overlie the
Dobra Sandstone (cf. Figs 3 and 10; Bossowski
1991). The top of the Zerkowice Member is
the upper boundary of the Rakowice Wielkie
Formation in the southeastern part of the syn-
clinorium. This boundary is sharp and mainly
erosional, with a stratigraphic hiatus (Fig. 3);
the sandstones are overlain by a coal-bearing
heterolithic unit dominated by mudstones and
claystones (the Nowogrodziec Member of the
Czerna Formation, sensu Milewicz 1985), in-
creasingly ferruginized towards the southeast
and containing local patches of ferricrust or
ferruginized fossil turf (e.g., at fieldtrip stop 5).

Exploration boreholes show the sandstone
lithosome of the Zerkowice Member thickens
towards the northwest over 25 km along the
synclinorium axis, from 50 m between fieldtrip
stops 4 and 5, to 60 m roughly between
fieldtrip stops 8 and 9, and up to 100 m ca. 10
km to northwest (Fig. 1B; see Leszczynski and
Nemec 2020). Only a few kilometres farther to
the northwest, the sandstone lithosome thick-
ens abruptly to >200 m (corrected to >160 m on
the account of local tectonic tilt) and virtually
pinches out in a nearby borehole. This prom-
inent thickening and abrupt pinch-out of the
sandstone lithosome at its northwestern ter-
mination is meaningful, as discussed further
in the text.

The Zerkowice Member consists of fine- to
medium-grained and subordinately coarse-
grained quartzose arenitic sandstones that are
greyish white in colour, cream-yellow to light
orange on weathered outcrop surfaces, and
range in hardness from well cemented (mined
as building blocks) to nearly soft (mined as
glass sand). Mudstone interbeds are minor,
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Fig. 9. Sandstones of the Chmielno Member displaying spatial change in interrelationships of stratification, tectonic deforma-
tions, and features formed in nonconsolidated sediments as they approach the Jerzmanice Fault. Fieldtrip stop 3. A, C - site
G; B - site H; C - site G; D - site A" All photographs by J. Wojewoda.
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Fig. 10. Borehole logs showing the stratigraphic transition of the Rakowice Wielkie Formation to the Czerna Formation com-

piled by Leszczynski and Nemec (2020).

thin and laterally discontinuous. The sand is
mainly very well sorted, which commonly ren-
ders its internal stratification and bed bound-
aries poorly visible.

The volumetrically dominant lithofacies
are sandstones with large-scale planar or
trough cross-stratification (lithofacies Sc in
Leszczynski and Nemec 2020; Fig. 11A-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
(Figs 13, 14; legend explained in Fig. 12). Some
cross-strata sets show hydroplastic defor-
mation and partial homogenization by lique-
faction. Subordinate lithofacies distinguished
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Fig. 11. Lithofacies and ichnofauna of the Zerkowice Member by Leszczynski and Nemec (2020). A - Sandstone with trough
cross-stratification (lithofacies Sc) in vertical outcrop; fieldtrip stop 5A; note minor intrasets of reverse-flow ripple cross-lami-
nation; main transport direction to the right, obliquely away from the viewer. B - Sandstone with planar tangential cross-strat-
ification (lithofacies Sc) in vertical outcrop; fieldtrip stop 5A; note minor intrasets of reverse-flow ripple cross-lamination; main
transport direction to the right, increasingly away from the viewer upwards. C - Sandstone with planar angular cross-strat-
ification (lithofacies Sc) and interbeds of current ripple cross-lamination (lithofacies Sr) in vertical outcrop; fieldtrip stop 6B;
transport direction to the right, obliquely towards the viewer. D - Sandstone with horizontal plane-parallel stratification (litho-
facies Sp); vertical outcrop; active glass sand open pit ca. 2 km west of fieldtrip stop 10. E - Plane-parallel swash stratification
in lithofacies Sp with dark laminae enriched in heavy minerals (arrows); vertical outcrop, locality as in D. F - Sandstone with
gently inclined plane-parallel stratification (lithofacies Sp) in vertical outcrop, locality as in D. G - 3D current ripples exhumed
on a bedding plane in sandstone lithofacies Sr; fieldtrip stop 7A. H — Symmetrical 2D wave ripples with rounded crests,
exhumed on a bedding plane in sandstone lithofacies Sw; fieldtrip stop 5A. | - Sharp-crested symmetrical 2D wave ripples
exhumed on a bedding plane in sandstone lithofacies Sw; fieldtrip stop 5A. J - Parting lineation on bedding surface in a
swash-stratified sandstone of lithofacies Sp; fieldtrip stop 5A. All photographs by S. Leszczynski.

by Leszczynski and Nemec (2020) include
sandstones with current ripple cross-lami-
nation (lithofacies Sr, Fig. 11A-C, G), wave rip-
ple cross-lamination (lithofacies Sw, Fig. 11H,
) and plane-parallel stratification (lithofacies
Sp, Fig. 11D-F). Lithofacies Sr occurs as local
intercalations, 5-50 cm thick, within the large-
scale cross-strata cosets (Fig. 11C). 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
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(Fig. 14, top). Lithofacies Sp dominates along
the margins of the synclinorium, where it
shows a gentle primary basinward inclination
of 3-5" and forms basinward wedges up to
10 m thick. Where the inclination is steeper
(10-15", Fig. 11F), the plane-parallel stratifica-
tion shows primary current lineation (Fig. 11J)
and hosts laminae rich in heavy minerals
(Fig. 11E). Clayey to silty grey mudstones (litho-
facies M) are a minor component. This litho-
facies occurs as thin (0.5-2 cm) and laterally
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discontinuous drapes between some of the
cross-strata sets of sandstone lithofacies Sc.
Thicker mudstone units, up to 15 cm, are thinly
interlayered with sand and/or silt, forming het-
erolithic beds (lithofacies H) beneath some of
the sandstone cross-strata cosets.

Bioturbation occurs only locally in the
sandstones (Milewicz 1965, 1996, Chrzastek
and Wypych 2018; Leszczynski 2018). Burrows
(Figs 15A-E, 16A-C) 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, which are often intensely bioturbated
with single burrows reaching down nearly
1.5 m. Trace fossils include Ophiomorpha isp.
(Fig. 15A-C), Ophiomorpha nodosa (Figs 15B,
C, 16C), Thalassinoides suevicus (Fig. 15D), T
paradoxicus (Fig. 16B), Rosarichnoides sudeti-
cus (Fig. 16A), Nereites isp., Terptichnus isp. and
some small unidentified burrows (Fig. 15E). The
trace-fossil assemblages seem to range be-
tween a stressed expression of the Skolithos
Ichnofacies and a proximal expression of the
Cruziana Ichnofacies (Chrzastek and Wypych
2018; Leszczynski 2018). Body fossils are
rare, represented by bivalves (Fig. 16D-G;
mainly inoceramids, e.g., Fig. 16D), including
Volviceramus involutus, |. percostatus Muller),
gastropods (Fig. 15F), ammonites, and echi-
noderms (Fig 16H; Milewicz 1965; Walaszczyk
2008). Some patchy shell pavements and dis-
crete horizons rich with imprints and casts of
shell debris (Figs 11F, 15F, 16E-G) were found at
fieldtrip stops 5 and 6 (Leszczynski 2010, 2018;
Chrzastek and Wypych 2018). Scattered wood
fragments of various sizes and aggregated im-
prints of large fishbones are sporadically pres-
ent at fieldtrip stops 5, 6A and 8. Some large
driftwood fragments are preserved solely as
clustered Teredolites, casts of wood-boring bi-
valves (Leszczynski 2018).

According to Leszczynskiand Nemec (2020),
the spatially and genetically related lithofacies
of the Zerkowice Member represent several
sedimentary systems (environments), reviewed
below. Sediment assemblages dominated by
the cross-stratified sandstones of lithofacies Sc
form mounded elongate sandbodies (longitu-
dinal sand bars) roughly parallel to the syncli-
norium axis and virtually dominant in the axial
zone to the southeast (Figs 13-17). Quarry out-
crops show that these sandbodies are 5-15 m
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Fig. 12. Review of sedimentological and ichnological fea-
tures recognized in Coniacian outcrops, given as a leg-
end to the outcrop logs shown farther in this guide (after
Leszczynski and Nemec 2020).
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Location

Fig. 13. Succession of vertically stacked, bidirectional dune cross-strata sets (lithofacies Sc) interpreted as a northwest-trend-
ing longitudinal tidal bar (sand ridge). Outcrop photographs A and B (by S. Leszczynski) show cliff portions of the abandoned
quarry (fieldtrip stop 4A), as indicated in the inset image from Google Earth. From Leszczynski and Nemec (2020).
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Fig. 14. Succession of vertically stacked dune cross-strata sets (lithofacies Sc) interpreted as a northwest-trending longitu-
dinal tidal bar (sand ridge). The bedding inclination at this locality includes at least 5° of secondary tectonic tilt. Abandoned
quarry in Czaple (fieldtrip stop 4B, Fig. 1B); the quarry and cliff location are shown in the inset image from Google Earth. From
Leszczynski and Nemec (2020). Phohotographs by S. Leszczynski.

thick and apparently several kilometres long, strata sets, with bedding surfaces slightly ris-
stacked laterally and vertically into complexes ing or subhorizontal and gently falling to the
up to 50 m thick. Their internal architecture dis- northwest (Figs 13, 14). Transport directions to
plays vertically stacked 2D and 3D dune cross- the northwest locally dominate (Fig. 14), but
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Fig. 15. Trace fossils and body fossils of the Zerkowice Member by Leszczynski and Nemec (2020). A - Ophiomorpha with den-
sity decreasing downwards in sandstone lithofacies Sc at fieldtrip stop 5A. B - Ophiomorpha nodosa network on sandstone
bedding surface at fieldtrip stop 5A. C - Subvertical Ophiomorpha nodosa in sandstone at fieldtrip stop 6. D - Thalassinoides
suevicus, slightly flattened by compaction, on sandstone bedding plane at Locality 8 in Leszczynski and Nemec (2020),
neighbouring to fieldtrip stop 7. E - ?Nereites isp. (N); Terptichnus isp. (T) and undetermined burrows (U) on sandstone bed-
ding surface at fieldtrip stop 6A. F - Shell lag (Nerinea) on a bedding plane in sandstone lithofacies Sp at fieldtrip stop 6. All
photographs by S. Leszczynski.

the dune cross-sets are generally bidirectional
(Fig. 13A) and show a wide range of transport
directions (see rose diagram in Fig. 17). Some
cross-sets are underlain by local drapes of litho-
facies M. Interbeds of lithofacies Sw and Sr are
minor, with the latter showing mainly reverse
flow directions relative to those of the adjacent
dune cross-strata (Fig. 11A-C). The basal parts
of sand bodies consist of smaller dune cross-
sets (Figs 14, 17) and are occasionally underlain
by a heterolithic unit of lithofacies H, whereas
their top parts are commonly packages of inter-
bedded lithofacies Sp and Sw (Figs 10 and 13).
Some of the sandbodies show shallow, isolated
palaeochannels at the top (Fig. 18) filled with
lithofacies Sc and trending slightly obliquely to
the estimated long axis of the sandbodly.

The elongate cross-stratified sand bodies
are interpreted as longitudinal tidal sand bars
(Leszczynski and Nemec 2020), also known as
tidal sand ridges (Allen 1982; McBride 2003;
Fig. 10A, B). They extend roughly parallel to the
direction of tidal currents and grow seawards
with a lateral migration component. The com-
ponent tidal dunes migrate through the bars
(lithofacies Sc in Fig. 11A-C), range from 2- to
3-dimensional, commonly grow in thickness

by overstepping one another (Fig. 13B), and of-
ten show hydroplastic deformation of various
origins. Tidal sand ridges are commonly as-
sociated with estuaries, tidal inlet deltas, and
narrow straits (see Leszczynski and Nemec
2020 and references therein).

The bars interpreted in the Zerkowice
Member are often underlain by inter-bar muddy
heterolithic lithofacies H (cf. Hein 1986) and
show an upward increase in flow energy (dune
and grain sizes), indicating aggradational shal-
lowing culminating in reworking by sea waves
(Figs 14, 17) after reaching fairweather wave
base. The alternation of lithofacies Sw and Sp in
bar cappings indicates considerably fluctuating
wave orbital velocity (Komar and Miller 1965),
possibly including episodic erosion by storm
waves (Clifton and Dingler 1984). Isolated pa-
laeochannel features (Fig. 22) are interpreted
as tidal conduits cut over the sand-ridge top,
probably to accommodate local storm-boosted
tidal current flows (cf. Dalrymple 1084).

Based on measurements in the rock tor
“Skata z Medalionem’ (fieldtrip stop 6B; Fig. 17)
and the neighbouring, now abandoned, Zer-
kowice Quarry, Leszczynski and Nemec (2020)
estimated the mean thickness of cross-sets
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Fig. 16. Plant, macrofaunal body, and trace fossils from the Upper Cretacaeous of the North Sudetic Synclinorium. A-H -
Macrofaunal body fossils and trace fossils from the Zerkowice Member. A - Full relief of Rosarichnoides sudeticus Chrzastek,
Muszer, Solecki, Sroka, 2018 from quarry at fieldtrip stop 4B (Chrzastek et al., 2018). Specimen MGUWr-6650s. B - Full re-
lief of Thalassinoides paradoxicus Kennedy, 1967, from the quarry at Zerkowice (ca. 250 m to the north of fieldtrip stop 7;
Chrzastek et al, 2018). C - Full relief of Ophiomorpha nodosa Lundgren, 1891, in loose block of sandstone at the quarry in
Zerkowice (cf. B; Chrzastek and Jewticz, 2019). D - A cast of Inoceramus sp. in sandstone of the quarry at fieldtrip stop 4A
(Chrzastek et al., 2018). E - Imprints of bivalves Trigonia glaciana Stirm, 1901 at bedding surface of sandstone in loose block
(quarry at fieldtrip stop 6; Chrzastek and Jewticz, 2019). F - Internal mold of bivalve Anatina (Cercomya) lanceolata Geinitz,
1871-1875 in loose block of sandstone (quarry at fieldtrip stop 6). G - Bivalve shell lag (imprints and internal molds) on a —»
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in individual tidal bars as ranging from 50
to 66 cm, with a consistent median value of
40 cm. The mean cross-set thicknesses are
consistently higher than the median values,
which indicates a positively skewed thickness
frequency distribution and implies a moder-
ate excess of larger dunes. This is probably an
effect of local dune overstepping and thick-
ness amplification (Fig. 13B). The standard de-
viations of dune cross-set thickness show bar-
to-bar differences in the range of 38-69 cm,
which is probably an artefact of the derivation
of data from different parts of laterally stacked
asymmetrical bars.

Based on the approximate equations given
by McBride (2003), the maximum bar thick-
nesses measured in the Zerkowice Member
(10-15 m) suggest bar lengths of 12-18 km and
widths of 1-1.5 km, with formative water depth
of bars at 15-20 m (Fig. 19A). The palaeocurrent
data (rose diagram in Fig. 17) are broadly com-
patible with the flow pattern expected for in-

sandstone bedding plane at fieldtrip stop 6. H - Imprint
of the starfish Lophidiaster scupini (Andert, 1934), formerly
Astropecten scupini Andert, 1934, in sandstone (quarry at
fieldtrip stop 4B; Chrzastek et al,, 2018). I-M - Plant fossils
and their assignment to the assemblages distinguished
by Halamski et al. (2020). | - Imprint of an isolated leaf-
let of Dewalquea haldemiana Debey ex de Saporta and
Marion, 1873. Specimen MB.Pb.2008/320. Rakowice Mate,
detailed locality unknown; Nowogrodziec Member, lower
part (Assemblage 4), upper Coniacian?-lower Santonian?
J - Imprint of a twig of Geinitzia reichenbachii (Geinitz, 1842)
Hollick and Jeffrey, 19009 (Gymnospermae, Coniferae, fam-
ily unknown). Specimen MB.Pb.2008/0252. Otdrzychow,
Nowogrodziec Member, upper part (Assemblage 5), upper
Coniacian?-lower Santonian? K - Accumulation of imprints
of fertile pinnules of Konijjnenburgia cf. galleyi (Miner, 1935)
Kvacek and Daskova, 2010 (Filicophyta, Leptosporangiatae,
Matoniaceae). Specimen MB.Pb.2008/373.2a. Zerkowice,
detailed location unknown; Nowogrodziec Member, lower
part (Assemblage 4), upper Coniacian?-lower Santonian? L
- Imprint of a trifoliolate leaf of Dryophyllum westerhausia-
num (Richter, 1904) Halamski and Kvacek in Halamski et al.,
2020 (Angiospermae, Dictotyledoneae, Fagales). Specimen
MB.Pb.2008/346. Ulina, detailed location unknown; Czerna
Formation (Assemblage 6), lower-middle Santonian. M -
Imprint of a subcomplete compound leaf of Dewalquea aff.
gelindenensis de Saporta and Marion, 1873 (Angiospermae,
Dicotyledoneae, Eudicotyledoneae). Bolestawiec (former
quarry southeast of the town centre, between Mitosza,
Starzynskiego, and Kosiby Streets). Specimen MGUWr
2880p. Czerna Formation (Assemblage 8), lower-middle
Santonian. MB - Museum fur Naturkunde, Berlin. MGUWr
- Muzeum Geologiczne Uniwersytetu Wroctawskiego,
Wroctaw. Photographs A - H by A. Chrzastek, | - M by A.
Halamski.
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Fig. 17. Succession of vertically stacked dune cross-
strata sets of lithofacies Sc with interbeds of current- and
wave-ripple cross-laminated lithofacies Sr and SW, in-
creasingly wave worked at the top (lithofacies Sw and Sp).
“Skata z Medalionem" tor, fieldtrip stop 7B. The succession
is thought to represent a shoaling-upwards bar. The inset
rose diagram summarizes cross-strata palaeocurrent di-
rections. From Leszczynski and Nemec (2020).
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Fig. 18. Portion of outcrop section in active glass sand open pit ca. 2 km west of fieldtrip stop 10 (Fig. 1B). Here, 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. From Leszczynski and Nemec (2020).

stantaneous tidal current reversals over a sand
ridge (Fig. 19D; cf. Snedden and Dalrymple,
1099; Reynaud et al,, 1999), while the lateral
and vertical stacking of sand ridges into com-
plexes implies groups of coalescing adjacent
coeval bars (Fig. 19C).

The local wedge-shaped sediment assem-
blages composed of lithofacies Sp, with sub-
ordinate intercalations of lithofacies Sr and Sw
and sporadic isolated dune cross-sets of litho-
facies Sc - which extend from the synclinorium
outcrop margins towards its axis, transverse to
the inferred tidal sand ridges and effectively
interfingering with or onlapping the latter
(Figs 20-22) - are interpreted by Leszczynski
and Nemec (2020) as basin margin shoal-wa-
ter deltas (sensu Leeder et al. 1988; Postma
1990) or mouth bar-type deltas (sensu Dunne
and Hempton 1984; Wood and Ethridge 1988).
These deltas are dominated by river frictional
effluent (lithofacies Sp, Wright, 1066) and fluc-
tuating wave action (lithofacies Sp and Sw;
Komarand Miller 1965), with basin-axis tidal cur-
rent influence (lithofacies Sc; Dalrymple 1984,
2010). The deltaic sandbodies in the Zerkowice
Member extend basinwards from both the
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southwestern (Figs 20, 21) and the northeast-
ern (Figs 22, 23) of the original synclinal basin;
near the synclinorium margins, their maximum
preserved thicknesses are up to 20 m. Drifted
plant fragments are common. Trace fossils are
mainly indicative of a shore-proximal expres-
sion of the Cruziana Ichnofacies (Leszczynski
2018). Advancing deltas apparently impinged
sidewise onto the basin-axis tidal bars (Figs 20
to 23). The shore-proximal subaerial parts of the
deltas are scarcely preserved, removed by the
erosion of the synclinorium flanks (cf. Fig. 22).
The outcrop that comes closest to showing a
fluvial feeder system is the delta wedge near
fieldtrip stop 10 (Fig. 23), where delta-top dis-
tributary palaeochannels are recognizable (see
the top photograph, Fig. 23), represented by
coarser-grained, cross-stratified sandstones
(log interval 23-26 m in Fig. 23) and interpreted
as fluvial channel-mouth deposits.

The sand wedges with thicknesses of up to
5 m, consisting of gently basinwards inclined
(3-5") deposits of alternating lithofacies Sp
and Sw (log interval 6-10 m in Fig. 23; intervals
separating tidal bars in log interval 0-20 m in
Fig. 23), are interpreted by Leszczynski and
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Fig. 19. Longitudinal tidal bar (sand ridge) features and their development. A - Idealized model of a prograding bar with hypo-
thetical estimates of its dimensions and formative water depth pertaining to the Zerkowice Member. B - Modern tidal sand
ridge in the southern North Sea; the white spots on the 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 sand ridge inferred from palaeocurrent measurements (e.g.,
Fig. 17). From Leszczynski and Nemec (2020). Aerial images from Google Earth.
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Relic fluvial channel trending to WNW

Interpretation

Fig. 20. Outcrop section in the active quarry in Czaple (fieldtrip stop 4C; see Fig. 1B and inset Google Earth image), showing
a basin-margin delta interfingering with the southwest flank of a basin-axis tidal sand bar (see inset interpretative diagram).
The relic fluvial palaeochannel at the top represents the forced regression that terminated the deposition of the Zerkowice

Member. From Leszczynski and Nemec (2020). Photograph by S. Leszczynski.
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Main cross-strata g
direction ~310/30°

Fig. 21. Outcrop detail from active quarry in Czaple (fieldtrip stop 4C, Fig. 1B; and inset Google Earth image) from Leszczynski
and Nemec (2020), showing a basin-margin shoal-water delta wedge onlapping the southwest flank of basin-axis longitudi-

nal tidal bar. Photograph by S. Leszczynski.

Nemec (2020) as wave-dominated upper
shoreface deposits (Komar and Miller, 1965;
Clifton and Dingler, 1984) that prograded from
both sides of the basin jointly with the ba-
sin-margin local river deltas. The sediments
commonly display subtle angular unconformi-
ties in the form of planar erosional surfaces.
The plane-parallel stratification in some units
of lithofacies Sp is as steep as 10-15" (Fig. 11F),
showing heavy-mineral placers (Fig. 11E) and
primary current lineation (Fig. 11J). The sand is
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nearly pure quartz, very well sorted and poorly
cemented. Trace fossils are uncommon, and
those present represent an environmentally
stressed version of the Skolithos Ichnofacies
(Leszczynski 2018). Internal planar unconfor-
mities are attributed to episodic erosion by
storm waves. The advancing shoreface depos-
its locally interfinger with basin-axis tidal bars
(Fig. 23). The more steeply inclined packages
of lithofacies Sp, with heavy-mineral placers
and parting lineation, are interpreted as fore-
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Fig. 22. A - Local sandstone isopach map of the Zerkowice Member (area indicated in the inset map) with the location of bore-
holes and quarries in Wartowice (fieldtrip stop 5) and Zeliszow (fieldtrip stop 6); see localities in Fig. 1B. Borehole data from
Drozdowski et al. (1978). B - Interpretation of the isopach map as a basin-margin delta that interfered with northwest-pro-
grading tidal bar complexes. Note the large extent of basin-fill erosion due to the end-Cretaceous tectonic inversion of the

basin. From Leszczynski and Nemec (2020).

shore swash deposits (Allen 1982), implying lo-
cal encroachment of the basin shoreline (e.g.,
Fig. 23, log interval 9.5-10 m).

The Czerna Formation

The Czerna Formation begins with a promi-
nent mudstone distinguished by Leszczynski
and Nemec (2020; Figs 10, 23-25). It forms units
up to a few metres thick, ranging in colour
from maroon and orange, with ferricrete (iron-
stone) concretions or bands up to 5 cm thick,
to greenish and dark grey with local siderite
interlayers up to 6 cm thick. Some mudstone
units are densely interspersed with sand
and/or silt streaks and thin interlayers, form-
ing the heterolithic lithofacies H that is often
strongly bioturbated and occurs as units up
to a few metres thick (Figs 23B, 26K-0). The
mudstones are also intercalated with clay-
stone lithofacies CL (Figs 23B, 26J) that forms
0.1-1.2 m thick units, ranging in colour from
maroon and orange with clayey ironstone in-
terlayers to greenish and dark grey or subor-
dinately black (coaly). Another new facies are

the coal beds of lithofacies C, up to 25 cm thick
and ranging from autochthonous, underlain by
seat-earth, to hypautochthonous (Figs 23D,
25, 26D). 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 the planar
parallel-stratified sandstones of lithofacies Sp
as upwards coarsening couplets 0.5-2 m thick
(Figs 23A, 25, 26E, F). Many sandstone beds
are variably homogenized by bioturbation. The
cross-stratified sandstones of lithofacies Sc
are commonly medium- to coarse-grained,
with an admixture of granules and small peb-
bles. This lithofacies occurs solely as the infill
of local palaesochannels, each a few metres
deep and less than 100 m wide, trending to the
northwest and dominated by trough (3D dune)
cross-stratification (Figs 25, top, 26G).

Trace fossils abound, including rhizoliths,
rhizocretions (Fig. 26A), and densely plant
root-penetrated palaeosols (Fig. 26B, C), clas-
sified as vertisol to histosol (cf. Retallack 2001).
Only some of the palaeosol horizons are actual
seat-earths to coal beds (Fig. 25). Common
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Czerna Formation
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38

—25 YR U@{@ Q

ide- and wave-influenced
basin-margin delta

.

20

Abandoned
tidal bar

ol P
Abandoned
5 bar

5 L | Shoreface

Rakowice Wielkie Formation
(Zerkowice Member)

Basin-margin shoreface (probably with wave-worked local delta toe)
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Fig. 23. Sedimentological log and corresponding outcrop photograph (top) of the upper part of Zerkowice Member and the
lowermost Czerna Formation in the glass sand pit at Osiecznica (~2 km west of fieldtrip stop 10, Fig. 1B). From Leszczynski
and Nemec (2020). Note the basin-margin delta wedge impinged sidewise onto the basin-axis tidal system at the top of the —
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Fig. 24. Sedimentological log of the uppermost Zerkowice Member and lower Czerna Formation at the Rakowiczki quarry
(fieldtrip stop 8, Fig. 1B), from Leszczynski and Nemec (2020). 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 de-
posits. For log legend, see Fig. 12. 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, biotur-
bated lagoonal deposits of lithofacies H. C — Paludal deposits of lithofacies M with horizons of plant-root traces and brackish
marine burrows in the coal bed. D - Wave-worked upper shoreface sandstone of planar parallel-stratified lithofacies Sp. E
- Dune cross-stratified sandstone of lithofacies Sc. All photographs by S. Leszczynski.

Zerkowice Member and the overlying transgressive lagoon deposits of the basal Czerna Formation, split by the minor delta
re-advance. For log legend, see Fig. 12. Outcrop details (indicated at the log margin): A - Sandy mouth bar of the coarsen-
ing-upwards minor deltaic wedge. B - Muddy lagoonal deposits directly below 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 tidal bar. F -
Gently northwest-descending tangential cross-strata sets in lower part of prograding tidal bar. G - Plane-parallel stratification
in wave-worked upper part of tidal bar. All photographs by S. Leszczynski.
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Fig. 25. Sedimentological logs from quarries at fieldtrip stops 5C (A), 5A (B) and 6 (C) (see Fig. 1B), showing the upward pas-
sage of the Zerkowice Member of the Rakowice Wielkie Formation to the Czerna Formation. From Leszczynski and Nemec
(2020). Note that the deposition of Zerkowice Member was terminated by emergence, with the tide-influenced fluvial palae-
ochannel probably a time-equivalent of the fluvial palaeochannel at fieldtrip stop 4 (Fig. 20). The deposition of the Czerna
Formation in this area commenced in a peat-forming coastal-plain environment, which was eventually flooded by marine
transgression. The subsequent highstand normal regression involved rapid advances of the basin-margin shoreface, culmi-
nating in the expansion of a basin-margin fluvio-deltaic system.
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animal traces include Ophiomorpha (Fig. 261),
Palaeophycus (Fig. 26L), Arenicolites (Fig. 26M),
Thalassinoides and Asterosoma (Fig. 26N).
Leszczynski (2010, 2018) reported in detail the
rich ichnofauna assemblages in the quarry as-
sociated with fieldtrip stop 8 (Fig. 1B), while
pointing to the sparse bioturbation at some
other localities, such as the rare, taxonomically
undetermined ichnofossils at the glass sand
pit in Osiecznica (ca. 2 km west of fieldtrip stop
10; Figs 1B and 23). Leszczynski (2010) also re-
ported on scattered mollusc shells, some bur-
ied in life position, and on shell lags preserved
solely as imprints. Sporadic horizons with
brackish-water bivalve and gastropod shells
were described earlier by Drescher (1863) and
Milewicz (1965, 1096).

The sedimentary succession of the Czerna
Formation, which roughly corresponds to that
distinguished as the Uberquader by Beyrich
(1855), rests upon the Rakowice Wielkie
Formation in the southeastern part of the NSS,
with a stratigraphic hiatus (Fig. 3) composed
of an erosional unconformity that decreases
in duration to the northwest along the basin
axis and passes seawards into a correlative
conformity (Milewicz 1956, 1969; Walaszczyk
2008). This erosional boundary demarcates
a dramatic change in the sedimentary facies
and depositional environment of the Coniacian
North Sudetic Basin (Figs 3 and 23-25).

The lower boundary of the Czerna Forma-
tion, a subaerial unconformity surface, is lo-
cally incised by northwest-trending isolated
fluvial palaeochannels filled with lithofacies Sc
(Fig. 20), some tidally-influenced before aban-
donment (Fig. 25C). These palaeochannels are
interpreted as representing an incised fluvial
drainage system directed along the basin axis
towards the northwest and frontally influenced
by marine tides. The incision of fluvial channels
directly in littoral deposits (Figs 20 and 21C)
strongly supports the idea of a forced marine
regression (Leszczynski and Nemec 2020).

The overlying sedimentary succession
of the Czerna Formation commences with
a widespread unit of fined-grained depos-
its, 2-5 m thick, dominated by lithofacies M,
CL, and H with subordinate intercalations of
sandstone lithofacies Sr and autochthonous or
hypautochthonous coal beds of lithofacies C
(Figs 23-25; fieldtrip stops 5, 6, 8). Brackish
shelly fauna and ichnofauna accompany pa-

laeosols and accumulations of plant debris in
this unit, locally even directly at its base and
within the same depositional bed. This unit of
coal-bearing muddy deposits is presumably
the poorly defined Nowogrodziec Member of
Milewicz (1985) (Fig. 3).

The short-distance lateral variation in the
thickness of this unit and the relative propor-
tion of its component lithofacies is noteworthy
(cf. Figs 23-25; Leszczynski and Nemec 2020).
In the glass sand pit 2 km west of fieldtrip stop
10, this muddy unit is at least 9 m thick and
split in the middle by a coarsening-upwards
sandstone wedge, 2-4 m thick, composed
of lithofacies Sr, Sp, and Sc (Fig. 23, top). The
nearby boreholes N-14 and N-26 (Fig. 10; see
Leszczynski and Nemec 2020) show that the
unit pinches out abruptly towards the north-
west by interfingering with a coeval, few dozen
metre thick prominent sandbody that rests
directly on the sandstones of the Zerkowice
Member. This thick sandstone body, ear-
lier considered to be part of the Zerkowice
Member, is interpreted by Leszczynski and
Nemec (2020) as an integral part of the lower-
most Czerna Formation (see below).

According to Leszczynski and Nemec
(2020), the coal-bearing muddy basal unit of
the Czerna Formation (i.e., the Nowogrodziec
Member of Milewicz, 1985), with its brackish/
marine fauna, represents a paralic environ-
ment comprising extensive shallow lakes with
peat-forming mires and small stream deltas.
The thick, muddy deposits at the glass sand pit
in Osiecznica (near fieldtrip stop 10; Fig. 23, top)
are considered to represent a transgressive la-
goon intruded sidewise by a southwest-pro-
grading basin-margin sandy delta wedge. The
lagoon was apparently sheltered from the
open sea by the thick and narrow sandbody
mentioned above and recognized in bore-
holes N-14 and N-26 (Fig. 10), interpreted by
Leszczynski and Nemec (2020) as a cross-ba-
sinal transgressive coastal sand barrier. The
formation and in-place growth of this barrier
would have blocked the earlier fluvial drain-
age of the emerged southeastern part of the
basin and turned this area into a peat-forming
paralic lacustrine plain with local stream del-
tas. The eventual in-place drowning of the bar-
rier (cf. Sanders and Kumar 1965; Rampino and
Sanders 1981) would then bring about another
change to the basin environment.
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Pleistocene, fluvioglacial

Coastdl plain

Tidal bar, foreshore

Fig. 26. Lithofacies and ichnofauna of the lower Czerna Formation according to Leszczynski and Nemec (2020). A - Rhizocretions,
and in B, C - denser plant-root penetration structures at the formation base at fieldtrip stop 5A (cf. Fig. 25A). D - Dark-grey
claystone of lithofacies CL overlain by autochthonous coal of lithofacies C in the basal part of the formation at fieldtrip stop 5A
(Fig. 25B). E, F - The overlying shoreface lithofacies Sp at fieldtrip stop 5A (Fig. 25B), showing a variable degree of bioturbation
with Ophiomorpha (two fragments are indicated by arrows). G - Cross-stratified fluvial sandstone of lithofacies Sc in the top
part of outcrop at the same locality (Fig. 25B). H - Tidally influenced fluvial palaeochannel incised in the underlying formation
at fieldtrip stop 6 (Fig. 25C). | - Ophiomorpha burrows (three cases indicated by arrows) in shoreface lithofacies Sp in the up-
permost part of outcrop at fieldtrip stop 6 (Fig. 25C). J - Light-grey to reddish claystone with ferricrete (lithofacies CL) passing
upwards into iron oxyhydroxide-stained yellowish mudstone (lithofacies M) in the basal part of the formation at fieldtrip stop 8. —
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The overlying deposits - ca. 10 m thick
(Figs 23-25), in the lower part of the Czerna
Formation, consisting of muddy heterolithic
lithofacies H intercalated with sheets of sand-
stone lithofacies Sr, Sp and minor Sw form-
ing coarsening-upwards or sporadically fin-
ing-upwards packages, 0.5-1.5 m thick (Figs
23, 25) and variably bioturbated - are thought
to represent a marine offshore-transition envi-
ronment that underwent rapid shallowing by
the spasmodic encroachment of basin-mar-
gin shoreface and prodelta sand wedges
(Leszczynski and Nemec, 2020). The upper-
most exposed cross-stratified deposits (litho-
facies Sc; Fig. 25, top) are interpreted to be
laterally and vertically stacked palaeochan-
nels, 3-4 m deep and 100-120 m wide. These
channels record the shallowing of the marine
environment and expansion of the basin-mar-
gin alluvial plain with small shoal-water del-
tas, fluvial channels, and associated cre-
vasse-splays (Fig. 25, top).

The remaining, major part of the Czerna
Formation, up to 500 m thick, is almost exclu-
sively comprised of siliciclastic deposits, pre-
dominantly sandy (from nearly loose sands to
sandstones), muddy, and clayey (partly plas-
tic), subordinately gravely, with thin intercala-
tions of coal, ironstone, and siderite (Scupin
1013; Milewicz 1996). The relative proportion
of the individual lithologies, their features, and
their vertical arrangement vary both laterally
and vertically in the sedimentary succession.
Its lower part consists mainly of grey to dark
grey fine-grained deposits, locally with red-
brown or cherry colouration and with frequent
thin xylite-rich coal interlayers (Gorniak 1991),
coalified wood fragments, and numerous mol-
lusc fossils. In the upper part, the fine-grained
deposits show lighter colouration, mostly
light grey to whitish towards the top, and lack
fossil fauna (Gorniak 1991). The fine-grained
sediments contain predominantly detrital-like
kaolinite and up to 20% mica group minerals
(illite, muscovite; Gorniak 1991, 1996).

The sandy and gravelly sediments in the
Czerna Formation (Fig. 27, fieldtrip stop 9;

Gorniak 1991) are whitish, drab to cream-yel-
low, locally orange, brown or cherry red in co-
lour. Sandstones are mainly fine- to medium-
grained, quartzose, with kaolinite matrix and
cement. Weathered feldspars, micas, hal-
loysite-goethite-hematite-siliceous impreg-
nation (ironstone, ferruginous silcrete), and
coalified plant remains (leaf fragments, wood;
Gorniak 1996) are present as accessorary con-
stituents. The sandstones occur as thin to sev-
eral metre thick beds, massive (structureless)
or with planar or cross-stratification, plant-root
horizons, and casts or molds of fossil fauna
(Gorniak 1991, Milewicz 1996). Pebble admix-
tures and thin pebbly conglomerate layers/
lenses occur in the basal parts of sandy trough
cross-strata sets, particularly in the upper-
most preserved part of the Czerna Formation
(fieldtrip stop 9; Fig. 27; Gérniak 1991).

In the Santonian, coarse-grained sediments
(mainly sandstone or sands) prevail in the east-
ern part of the NSS (see Gorniak 1996, fig. 1).
Towards the west and northwest, they form
two leading divisions - one in the lower part of
the Santonian succession and the other at the
top (Milewicz 2006). These divisions are sepa-
rated by a wedge of almost exclusively fine-
grained, dark coloured, muddy and clayey
sediments, poorly calcareous to non-calcar-
eous, defining the Wegliniec Formation. The
thickness of this fine-grained wedge grows to
the northwest, associated with the wedging
out of the lower coarser-grained division. The
thickness of the upper coarser-grained division
grows towards the basin centre and further
decreases towards the northwest, ultimately
pinching-out (Milewicz, 2006). Fossil fauna, al-
most exclusively brackish molluscs (bivalves
and gastropods, e.g., Cucullaea zimmermanni
Andert, Cyrena lischkei Andert, Cytherea kru-
schi Andert, Ceromya cretacea Muller, Natica
geinitzi Holzapf, Mytilus rackwitzensis Scupin,
Cerithium dressleri Scupin, Turitella acantho-
phora Muller; see Williger 1882; Milewicz 1996
and references therein), occur in the lower
coarser-grained division and in the lower part
of the overlying fine-grained wedge.

K-M - Lagoonal heterolithic deposits of lithofacies H, highly to totally bioturbated, enclosing ichnogenera Arenicolites (Ar),
Asterosoma (As), Monocraterion? (Mo), and Palaeophycus (Pa) at fieldtrip stop 8. N - Prodelta heterolithic sediments of lithofa-
cies H, highly bioturbated, including ichnogenera Asterosoma (As), Chondrites (Ch) and Thalassinoides (Th) at fieldtrip stop 8.
O - Offshore-transition lithofacies H with interlayers of fine-sand lithofacies Sw heavily obliterated by bioturbation at fieldtrip
stop 8. Fieldtrip stop numbers as in Fig. 1B. Photographs A-G and |-O by S. Leszczynski, and H by A. Chrzastek.
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Fig.27. The Czerna Formation in the kaolin open pit of the Kopalnie Surowcow Mineralnych Surmin-Kaolin S.A. in Nowogrodziec
(fieldtrip stop 9, Fig. 1B). A - general view of the western pit wall. Note the homoclinal dipping of the sedimentary succession
to the right (northeast) B - Agglomeration of claystone intraclasts, small quartz pebble stringers and crudely stratified coarse-
grained sandstone of a channel fill. C - Conglomerate of quartz pebbles and claystone intraclasts (cream-yellow) overlain by
high-angle and low-angle cross-stratified fine sandy conglomerate. D - Package of lenses, irregular bodies and tabular beds
of small-pebble conglomerate, sandstone and siltstone; the walking stick (scale) is 1 m. E - Plane-parallel stratified siltstone
with fine-grained sandstone stringers and thin layers; the hammer (scale) is 35 cm. All photographs by S. Leszczynski.

The lithofacies are indicative of a marine
to terrestrial, generally deltaic and prodeltaic
origin of these deposits. The coarse-grained
divisions are delta-front deposits, while the
others represent delta-plain palaeochannels
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and inter-channel zones with swamps and
ponds (Williger 1882; Scupin 1913; Milewicz
1996, 2006; Gorniak 1991, 1996).

Rich kaolinite occurrences in both fine-
grained and sandy sediments render them an
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important raw material for the ceramics indus-
try; indeed, the kaolin has been exploited for
several centuries.

PALAEOBOTANY

The Upper Cretaceous of the NSS has yielded
a moderately diverse fossil flora (Fig. 161-M)
that has only recently received a modern
comprehensive analysis. The megaflora, mi-
croflora, and palaeoecology were treated by
Halamski et al. (2020). Fern tree stem casts
were described by Gregus et al. (2013) and
the mesoflora by Hefmanova et al. (2019,
2020). An exceptional specimen of an angio-
sperm leaf overgrown by marine bryozoans
was described by Halamski and Taylor (2022).
The historical aspects of collections were dis-
cussed by Mohr (2009), whereas short over-
views of all Polish Cretaceous palaeofloras,
including extensive reference lists, may be
found in Halamski (2020) and Barbacka et al.
(in press).

The Late Cretaceous palaeoflora from the
NSS, like others from Central and Northern
Europe, is preserved in marine and marginal
marine strata, which means the plant remains
were washed out from land and are dispersed
within the sections. No “plant beds" have been
found. From a methodological point of view,
this means the systematic revision of mega-
floras is conducted mostly on the basis of an-
cient collections, assembled over many years
when numerous small local quarries were
active. In contrast, the biostratigraphy, tapho-
nomy, mesoflora, and microflora are studied
based on new observations and newly col-
lected material.

The palaeoflora of the North Sudetic Basin
is composed of 29 megafloral taxa, 9 meso-
floral taxa, and >126 microfloral taxa (Halamski
et al. 2020; Hermanova et al. 2020). It is worth
mentioning that the microflora from strata
overlying the Nowogrodziec Member (sensu
Milewicz 1985; Fig. 3) was studied for de-
cades by the Polish palaeobotanist Jadwiga
Raniecka-Bobrowska, but her voluminous
memoir (with several hundred taxa) unfortu-
nately remains at a preliminary stage and un-
published. Moreover, the exact location and
stratigraphy of boreholes from which the pal-
ynomorphs were extracted remains unclear.

The mega- and mesoflora are dominated
by angiosperms, while the most common mi-
crofloral elements are ferns. The plant palaeo-
communities may thus be interpreted as gen-
erally intermediate between those pre-dating
the Cretaceous Terrestrial Revolution and
modern, angiosperm-dominated vegetation
(Halamski et al. 2020).

The megaflora was grouped by Halamski et
al. (2020) into eight assemblages, consisting of
localities grouped by their similar stratigraphy
and floral content. Assemblages 1-3 belong to
the Rakowice Wielkie Formation, Assemblages
4 and 5 to the Nowogrodziec Member of the
Czerna Formation, and Assemblages 6-8 to
the part of the Czerna Formation overlying
the Nowogrodziec Member. Assemblage 3
contains fern tree stems preserved as casts
(Gregus et al. 2013). Assemblage 6 (sandstones
of the higher Czerna Formation) contains
mainly the fagalean angiosperm Dryophyllum
westerhausianum. Assemblage 8 (ceramic
clays in the Bolestawiec area and other lo-
calities) is relatively diversified, including, in
particular, the trifoliolate platanoid Platanites
willigeri. Further descriptions of Assembleges
4 and 5 are provided below.

Plant palaeocommunities interpreted on
the basis of the fossil mega-, meso- and micro-
flora to have grown on the East Sudetic Islands
include: (i) back-swamp forests dominated by
the conifer Geinitzia, with ferns; (i) several va-
rieties of angiosperm-dominated riparian and
alluvial-plain forests with Dryophyllum and pla-
tanoids; (iii) fern savanna with patches of Pinus
woodlands; (iv) dunes; (v) halophytic vegetation
(mangroves) with Frenelopsis: a single grain of
Spinizonocolpites sp. suggests Nypa is a part
of this community, but requires confirmation;
and (vi) pioneer vegetation with lycophytes and
ferns (Halamski et al. 2020).

Finally, it should be mentioned that the pa-
laeobiogeographic patterns identified on the
basis of fossil flora are in striking contrast to
those based on palaeofauna (Csiki-Sava et al.
2015). While faunal reconstructions indicate
the Cretaceous European Archipelago was a
highly endemic zone, with strong differentia-
tion among individual islands, the plant cover
of the same area and interval is mainly com-
prised of widely distributed species, some
of which were similar or possibly identical to
those found in North America.
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DEVELOPMENT OF SEDIMENTATION

Palaeontological data collected over nearly
two centuries indicate that Cretaceous sedi-
mentation in the North Sudetic Basin com-
menced in the Cenomanian and proceeded
until at least the middle Santonian (Walaszczyk
2008). Scupin (1910) suggested that the ba-
sin, which he referred to as the Léwenberger
Becken, was situated between two elevated
island areas: one to the northeast, which he
called the Ostsudetische Landmasse (East
Sudetic Landmass), and the other to the south-
west named the Riesengebirgsinsel (West
Sudetic Island; Fig. 2A). The notion that the Late
Cretaceous basin lied between two Sudetic
landmasses was supported by Andert (1934),
although he postulated that the East Sudetic
Landmass was much smaller, limited only to an
area in the southeastern part of that suggested
by Scupin. Recently, two islands have been
shown to exist both southwest and northeast
of the North Sudetic Basin, and in its southeast-
ern prolongation (Wilmsen et al. 2014; Kowalski
2021). It is generally accepted that the size and
relief of the islands changed during their ex-
istence (Scupin 1936), due to the influence of
eustasy and Alpine tectonism. Therefore, the
exact location of the basin coastlines remains a
subject of controversy (Biernacka and Jozefiak
2009; Biernacka 2012). It is worth noting that
Scupin (1913) correctly recognized the north-
westerly transition of sandy deposits into mud-
stones and marlstones (cf. Fig. 3) as the longi-
tudinal direction of bathymetric deepening of
the basin.

According to Leszczynski (2018), the two
islands mentioned above existed as sepa-
rate landmasses until the middle Coniacian
(Fig. 28A, B). The mid-Coniacian forced re-
gression resulted in a retreat of the sea to the
northwest, which merged the two islands and
drove the formation of an erosional hiatus in
the southeastern part of the basin (Milewicz
1956; Figs 3 and 28B, C). Consequently, the late

Coniacian transgression occurred in an em-
bayment open to the northwest, ca. 35 km long
and 15 km wide (Leszczynski 2018; Fig. 28D-F),
with sedimentation persisting until the final re-
treat of the sea around the middle Santonian
or later.

Palaeogeographic reconstructions suggest
that the North Sudetic Basin, in its southern
prolongation, had at least two narrow linking
straits: one near the town of Ztotoryja (which
closed in the mid-Coniacian) and another pre-
served as a relic in the Wlen Graben (Fig. 1B;
Kowalski 2021). The latter author has sug-
gested that marine sedimentation in the Wlen
strait persisted long after the mid-Coniacian
closure of the Ztotoryja strait. However, this
opinion is questionable, because the young-
est Cretaceous deposits in the Wlen Graben
are poorly dated and, given their carbonate
content, seem to correspond to those docu-
mented as predating the mid-Coniacian re-
gression in other areas of the NSS; hence, they
may be older than the Zerkowice Member in
the excursion area (Fig. 3).

According to Leszczynski and Nemec
(2020), the Cretaceous North Sudetic Basin
formed as an early, synclinal side effect of the
Alpine orogeny, in combination with eustatic
forces; crucial stages of basin evolution oc-
curred in the Coniacian. In the early Coniacian,
the basin was a long and narrow shallow-ma-
rine  embayment with the hypothetical
(hon-preserved) Ztotoryja bayhead strait fun-
nelling tidal currents. Input from Wlen strait is
unrecognizable in the basin - additionally, the
the timespan of this strait's activity is uncertain.
Coalescing tidal sand ridges extending from
the Ztotoryja strait formed a littoral platform
that prograded from the bayhead zone along
the basin axis, laterally impinged on by the
basin-margin shoreface and local river deltas.
A mid-Coniacian forced marine regression
and closure of the bayhead strait, attributed
to Alpine tectonism combined with eustasy,
brought about a dramatic change in the ba-

Fig. 28. Schematic interpretative reconstruction of the Coniacian palaeogeography and sedimentation pattern in the inner,
southeastern part of the North Sudetic Basin; after Leszczynski and Nemec (2020). A - The littoral system of coalescing tidal
sand ridges of the Zerkowice Member (Fig. 3) progrades to the northwest, impinged on laterally by the basin-margin near-
shore and deltaic sandy systems. B - This tide-driven littoral sand platform reaches its maximum basinward extent, termi-
nated 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 —
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- Denudated land area |:| Beach/strandplain - Offshore transition \ Tidal sand shoal with bars (ridges)
- Coastal plain Coastal barrier & lagoon - Offshore Palaeoshoreline
- — - — Present-day extent of Cretaceous

B Alluvial plain with lakes/mires [ | Shoreface 7 Delta ® Towns

lagoonal to paralic bayhead alluvial plain. E - The aggrading coastal sand barrier is eventually drowned by the sea, whereby
the bayhead paralic plain briefly becomes an offshore-transition marine zone. F - The rebounding sediment yield from the
elevated margins of the basin 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. Fig. 3).
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sin, through which the basin-wide littoral sand
platform emerged and briefly turned into a de-
nudated coastal plain. The late Coniacian eu-
static transgression formed an in-place, grow-
ing coastal sand barrier at the outer edge of
the former littoral platform, sheltering a paralic
limno-lagoonal plain with peat-forming mires
(the Nowogrodziec Member of Milewicz (1997).
The coastal barrier was eventually drowned
and maximum marine flooding occurred, fol-
lowed by a normal regression recorded as a
rapidly upward-shallowing succession of off-
shore-transition to fluvio-deltaic deposits. The
sedimentation pattern in an palaeogeograph-
ically evolving, tectonically controlled marine
embayment contributes to existing models for
estuarine sedimentary environments.

Sequence stratigraphy

According to Walaszczyk (2008), the Creta-
ceous of the NSS represents a single sedimen-
tary cycle including two or three poorly regres-
sive cycles. The Coniacian-Santonian part of
the sedimentary succession was interpreted
by Milewicz (1997) as representing the latest
regressive phase of a transgressive-regressive
(T-R) cycle and the earliest transgressive phase
of the next T-R cycle. His recognition of a hiatus
between the Rakowice Wielkie Formation and
the Czerna Formation in the southeastern part
of the basin, which he attributed to a northwest-
erly retreat of the sea from a large inner part of
the basin and terrestrial erosion in this emerged
area, was particularly important. Walaszczyk
(2008) dated this event to the late mid-Conia-
cian, and Leszczynski (2018) translated it as a
forced regression in the parlance of sequence
stratigraphy. Leszczynski (2010) interpreted the
Zerkowice Member of the Rakowice Wielkie
Formation as a regressive systems tract formed
at the culmination of the regressive phase and
separated by a hiatus from the overlying trans-
gressive systems tract of a 39-order eustatic
cycle. Later, Leszczynski (2018) attributed the
deposition of the Zerkowice Member to the
KCo1 eustatic sea-level fall (Haq 2014).

More recently, Leszczynski and Nemec
(2020) interpreted the Zerkowice Member
as representing a normal-regressive high-
stand systems tract (Fig. 28A, B) that ended
in a forced regression (Fig. 28C) caused by a
combination of regional tectonics and eustatic
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sea-level fall (cf. curve in Fig. 3). The resulting
erosional hiatus in the southeastern part of the
basin predictably passes into a correlative, nor-
mal-regressive deltaic lowstand systems tract
in the unexposed northwestern part of the ba-
sin (Fig. 29). The forced-regressive unconfor-
mity is overlain by a transgressive systems tract
represented by the Nowogrodziec Member
of Milewicz (1985), including the hypothetical,
grown in-place transgressive coastal sand bar-
rier (Figs 28D, 29). Maximum marine flooding
occurred during the in-place drowning of the
barrier (Figs 25, 28E). The overlying exposed
deposits of the lower Czerna Formation (Fig. 25,
upper part) are considered by Leszczynski and
Nemec (2020) as representing a normal-re-
gressive highstand systems tract (Figs 28F, 29).
The thick and narrow sandbody found in bore-
holes N-14 and N-27 (Fig. 10) is interpreted as
an in-place drowned transgressive coastal
sand barrier (Fig. 29), stratigraphically belong-
ing to the lowest part of the Czerna Formation
as a lateral equivalent of the Nowogrodziec
Member of Milewicz (1985).

Leszczynski and Nemec (2020) further ob-
served that the Late Cretaceous pattern of
marine transgression and regression in the
North Sudetic Basin correlates well with eu-
static sea-level changes (Fig. 3), and in partic-
ular coincides with the mid-Coniacian pulse
of regional Alpine tectonism that critically
amplified the eustatic impact on the basin. As
such, this Late Cretaceous sequence-strati-
graphic record from the northern, outer part
of the Central European Boreal-Tethys sea-
way differs from that in the large, intermedi-
ately-located Bohemian Basin (Fig. 1A; Voigt
et al. 2008; Mitchell et al. 2010; Nadaskay and
Ulicny 2014), where the eustatic signal may
have been obscured by complicated palaeo-
geography and local Alpine tectonism.

Apart from regional stratigraphic debates,
the Cretaceous seaway eventually retreated
from the North Sudetic Basin and the other ba-
sins surrounding the Bohemian Massif around
the latest Cretaceous to early Palaeogene(?)
(Kley and Voigt 2008; Voigt et al. 2021), as evi-
denced by the shallowing-upward top part of
the sedimentary succession and the cessa-
tion of marine sedimentation. The retreat re-
sulted from the ultimate Alpine uplift of the
region, documented through the deformation
of Cretaceous strata and as distinct basement
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Sequence-stratigraphy code:

FRS - Forced-regression surface

MFS — Maximum-flooding surface

TS — Transgression surface

FRST - Forced-regressive systems tract
HST — Highstand systems tract

LST — Lowstand systems tract

@ Hypothetical transgressive sand barrier complex (unexposed, inferred from boreholes)
@ Lagoonal zone with sand supply by barrier washover and fluvio-deltaic processes
@ Paralic alluvial plain with rivers, lakes, lacustrine deltas and peat-forming mires

@ Shoreface with shoal-water deltas and prodelta zone
@ Carbonate-poor, distal muddy offshore zone

TST — Transgressive systems tract

Fig. 29. Sequence-stratigraphic interpretation of the Coniacian-early Santonian sedimentary succession in the southeastern
part of the North Sudetic Basin, displayed as a basin longitudinal cross-section (schematic, not to scale); slightly modified
from Leszczynski and Nemec (2020). The hypothetical notion of an in-place aggrading transgressive coastal sand barrier (un-
exposed) is based on the great thickness of sandstones in borehole N-27 and their apparent absence in borehole J-1 located

~9 km farther northwest relative to the basin axis.

cooling recorded by thermochronological data
(Skocek and Valecka 1983; Jarmotowicz-Szulc
1084; Ziegler 1986; Milewicz 1996; Wojewoda
1996; Ulicny 2001; Aramowicz et al. 2006;
Ventura et al. 2009; Danisik et al. 2010; Botor
et al. 2019). According to Kley and Voigt (2008),
this uplift was caused by compression and
transpression induced by the Europe-lberia-
Africa plate convergence.

NATURAL RESOURCES

The Cretaceous of the NSS is known for its var-
ious natural resources, including, in particular,
building stones, ceramic clays, and glass sands.
The first consist of sandstones that have been
quarried for several hundred years as dimen-
sion and carving stones. The oldest mentions
of their extraction come from the 12th century
(Walendowski 2001). They are highly valued
due to their excellent workability and high re-
sistance to weathering. In stone masonry, they
were previously used as ashlar, but later and
recently have mostly served as veneer. Several
quarries between the towns of Lwowek and
Bolestawiec are currently active, and some oth-
ers are ready to begin mining operations.

The early recognition of the value of these
sandstones as building and decoration mate-
rial is documented in the old local architecture,
which is richly preserved in Lwowek Slaski and
Bolestawiec. The early Coniacian fine-grained
sandstones from the top part of the Zerkowice
Member south and southeast of Bolestawiec
(fieldtrip stops 4-8) are particularly valuable.
Farther to the northwest, their quality de-
creases due to declines in rock strength. The
exploited sandstones are divided into several
categories differing in colour and texture, and
are named after their extraction localities.
These sandstones, and coeval sandstones from
the Intra-Sudetic Synclinorium, are still consid-
ered to be some of the most important build-
ing sandstones in Germany (Ehling 2006). They
were the dominant natural stone in Berlin's ar-
chitecture for many decades (1880-1942), and
were also used in other German and European
cities during that period. After World War II, and
especially after the fall of communist regime,
they also became important dimension stones
in Poland, where recently they have been used
mainly as the veneer material of important, of-
ficial, and exclusive buildings. A renaissance in
their use in Germany occurred in 1990 (Ehling
20006). They are still highly prized for their high
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degree of homogeneity and attractive physical
properties.

Ceramic clay deposits occur in the lower
part of the Santonian Czerna Formation, in a
ca. 200 m thick succession that abounds in
beds and lenses of clay-rich sandstones, ka-
olinitic white-firing clays, stoneware clays, and
refractory clays (Milewicz 1964; Galos 2010).
These clay lenses and beds have thickness of
0.2-3.0 m, and constitute ca. 25% of the whole
succession. Originally, white-firing clays were
extracted from clay beds and lenses. Later,
they were extracted by washing from the
bulk sediment, if it contained more than 20%
good quality clay minerals (Nie¢ and Ratajczak
2004).The deposits contain diagenetic and
secondary kaolin, redeposited to streams and
lakes (oxbow lakes) on a delta plain due to the
erosion of residual deposits.

White-firing and stoneware clay deposits
are recognized mainly in the southern limb
of the NSS, in the vicinity of Wegliniec and
Nowogrodziec, as well as between Bole-
stawiec and Lwowek Slaski. Since the Middle
Ages, they have been extracted here in open
pits; in some intervals in the 20th century, they
were also exploited in underground mines.
The sediments display differentiated miner-
alogical composition, with the percentage of
grains coarser than 0.063 mm exceeding, in
some cases, 50%. The main components are
well-ordered kaolinite, illite, and muscovite,
although the quartz content varies from 15
to 80% (Stoch 1962; Galos 2010). Due to their
large lithological and mineralogical variability,
numerous varieties have been distinguished,
according to bending strength after drying,
>0.063 mm grain content, water absorption,
and whiteness after firing (Nie¢ and Ratajczak,
2004). Kaolin extracted here (e.g. from the
Maria lll deposit exploited by the Surmin Kaolin
plant in Nowogrodziec; fieldtrip stop Q) is used
in the ceramic industry for the production of
fine pottery products, as well as in the refrac-
tory, paper, glass, and cement industries.

White-firing clay resources are currently
recognized in six deposits in the Bolestawiec
area. The total estimate reservoir of this raw
material amounts to ca. 59.6 million t, but a
total of ca. 1.1 million t of pure clays in seams
and lenses are recognized in three abandoned
deposits. In the other three deposits (Janina |,
Nowe Jaroszowice, and Ocice), a total of ca.
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58.6 million t of sandy-clayey raw material,
used for the production of white-firing clay by
washing, have been recognized, enabling the
production of ca. 16.2 million t of raw white-fir-
ing clayey material. Some white firing clay va-
rieties occur in the two nearby, undeveloped
stoneware clay deposits (Anna-Wtodzice
Mate and Ocice II), with total resources esti-
mated as ca. 11.5 million t (see Galos 2010 and
references therein). Moreover, the adjacent
Czerwona Woda sandy-clayey deposit, recog-
nized previously as a natural foundry sand, has
recently started to be used for the produc-
tion of raw white-firing clayey material, with
ca. 5.0 million t available (Galos 2010 and ref-
erences therein). Prospective areas between
Bolestawiec and Nowogrodziec that have
tentatively considered for industrial explora-
tion have total estimated resources of ca. 132
million t sandy-clayey sediment, which might
allow the production of ca. 40 million t of raw
white-firing clay (Galos 2010).

Due to the Cretaceous ceramic clay de-
posits and local usage, Bolestawiec has been
known since the Middle Ages as a town of
pottery industry. Unique, stamp-ornamented
Bolestawiec ceramic products attract collec-
tors from all over the world.

Another major regional resource are glass
sand deposits, which occur in the Coniacian,
and subordinately in the Santonian, succession
of the Bolestawiec area. They are the second
most-important sand glass deposits in Poland
(Burkowicz et al. 2020). Top-quality glass
sand is mined at the plant Kopalnia i Zaktad
Przerobczy Piaskow Szklarskich Osiecznica sp.
z 0.0. (which, since 1995, has belonged to the
Quarzwerke GmbH group), and is sold both
within the country and abroad. Glass sand of
slightly lower quality, spoiled by colouring
oxides, is also obtained as a by-product from
the processing of kaolinitic sandstone in the
plant Kopalnie Surowcow Mineralnych Surmin
Kaolin S.A. in Nowogrodziec (since 1998, in the
Quarzwerke GmbH group). The mining sites
between the Osiecznica and Nowogrodziec
are particularly famous for the production of
glass sands and fine ceramic clays.

Natural resources of subordinate sig-
nificance in the NSS Cretaceous include
foundry sands, which have been documented
within the Czerna Formation in the village of
Czerwona Woda, northwest of Bolestawiec.
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FIELD STOPS

Stop 1

Rock tors “Szwajcaria Lwowecka” (German
Loéwenberger Schweiz, English Switzerland of
LwdweR) in Lwowek Slaski (German Léwenberg
in Schlesien) (Fig. 30);

51°'6'6.4" N, 15" 35 37.4" E; A rocky, wooded
ridge on the southern outskirts of Lwowek
Slaski between the Bobr River and the main
road to the town of Jelenia Gora, rising up to
40 m above the bottom of surrounding val-
leys, limited by a cliff from the west and featur-
ing numerous tors, each several metres high
(Fig. 4A).
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Fig. 30. Location of fieldtrip stop 1.

Structure and stratigraphy. Lwowek Syn-
cline; Radtowka Formation (Lower Triassic
Buntsandstein) and the Wilkow Member (up-
per Cenomanian) of the Rakowice Wielkie
Formation

Subject: Stratigraphy (Triassic-Cretaceous
contact) and sedimentology (lithofacies re-
cord of the Cenomanian transgression)

Remarks: Thick- and medium-bedded, pink-
ish and light grey, quartzose and arkosic
sandstones, medium- to coarse-grained with
admixture of granules and small pebbles,
plane-parallel stratified and cross-stratified,
overlain almost conformably by light grey and
drab sandstones with quartz pebbles, 0.3 to

0.8 cm in size, scattered in the sandy ground-
mass (Fig. 4C). The first lithology represents the
Early Triassic Radtowka Sandstone Formation,
whereas the second belongs to the late
Cenomanian Wilkow Member of the Rakowice
Wielkie Formation. The boundary between
the two lithostratigraphic units is a sharp sur-
face overlain by pebbly sandstone (ravine-
ment surface; Fig. 4B). The individual beds of
the Wilkow Sandstone are 0.5 to 1.5 m thick,
structureless, occasionally normally graded,
crudely plane-parallel and cross-stratified.

Genesis: Deposition by longshore currents
and mass settling from storm-derived sus-
pension clouds in the upper shoreface zone of
a high energy coast. Episodic local sediment
homogenization by benthic fauna.

Stop 2

Former quarry on the eastern side of the road
from Lwowek Slaski to the village of Sobota
(German Zobten am Bober), 1.8 km from the
intersection of Ztotoryjska and Widokowa
Streets, towards the village of Sobota (Fig. 31);
51° 6' 20" N, 15" 37' 19.4" E; Land depression
in the woods, bounded by a rock cliff to the
north, below a small cave called Zimna Dziura
(in English, cold hole).

Structure and stratigraphy: Lwowek Syncline;
Chmielno Member (?) and overlying part of the
Rakowice Wielkie Formation (Turonian)

=

7 A e iy i 5 A
2 ¥ — s &

e : g g
:

_ . Plakowice

to Lwowek Sl

i;,o\

A )
ol &

Fig. 31. Location of stop 2. For explanation of symbols see
Fig. 30.
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Subject: Stratigraphy and sedimentology; fea-
tures of the top part of the Chmielno Sandstone
and the overlying fine-grained sediments of
the Rakowice Wielkie Formation, with focus on
the appearance of the boundary between two
lithostratigraphic units.

Remarks: Ca. 12 m thick portion of the upper-
most Chmielno Sandstone, composed of struc-
tureless or faintly cross-stratified, medium- to
coarse-grained, noncalcareous sandstone
with small pebbles, friable in the higher part,
delimited at the top by a 20 cm thick transition
zone to the overlying grey, brittle, silty to sandy
marlstones, crudely thin-bedded, strongly to
totally bioturbated with frequent, poorly pre-
served, deformed macrofossils. Sandstone
cross-stratification occurs in 30-50 cm thick
sets, with strata dipping to the northeast.

Genesis: Sandstone of shoreface origin (basin
margin nearshore sedimentation by longshore
currents and reworking by waves) overlain by
lower shoreface to upper offshore marly sed-
iments.

Stop 3

Rock tors “Krucze Skaty” (English Raven's
Rocks; German Rabenfelsen) in Jerzmanice
Zdroj (German Hermsdorf; Fig. 32); 51° 6' 46.1"
N, 15" 53" 30.5" E; Sandstone bluff up to 25 m
high, marking the eastern bank of the Kaczawa
River valley, near the train station in the village
of Jerzmanice Zdrd,j.

Structure and stratigraphy: Leszczyna half-
graben; Chmielno Member (middle Turonian,
Inoceramus lamarcki horizon) of the Rakowice
Wielkie Formation; so-called "Middle Jointed
Sandstone" (German Mittel Quadersandstein).

Subject: Sedimentological features; ichno-
fossils and sedimentary environment; deposi-
tional and post-depositional processes; large
scale seismotectonic deformations; soft-sed-
iment shears and kink-bands.

Remarks: The sand and gravel rocks in the
vicinity of Jerzmanice Zdroj were first strati-
graphically classified by Scupin (1910, 1913) as
Lower Turonian. In later studies and on sub-
sequent geological maps (Jerzmanski 1955;
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Fig. 32. Location of 3. For explanation of symbols see Fig. 30.

Sliwinski et al. 2003; Chrzastek and Wojewoda
2011), it was included into the Middle Turonian,
what is probably justified as its petrography
and sedimentological features are same to
those of the paleontologically well-docu-
mented Radkow Bluff Sandstones in the Intra-
Sudetic Basin, which belong to the Inoceramus
lamarcki horizon (Wojewoda 1997, 2020).

The sedimentary succession is bipartite.
Its lower part (Fig. 5) consists of strongly ho-
mogenized conglomeratic sandstone units,
which locally show relics of low-angle and
large-scale cross-bedding (sediments of lat-
eral accretion of nearshore bars (?). Layers
reach up to 4 m thickness and mostly con-
sist of sand size material, with admixture of
scattered pebbles up to 6 cm in size. Usually
near the bottom of layers, the grains are visibly
coarser and sediment shows relics of swaley
and hummocky cross stratification. Primary
sedimentary structures are largely oblitered,
mostly due to locally high trace fossil con-
centrations, dominantly of the Ophiomorpha
type. The layer at the base of the quarry shows
large-scale trough cross-stratification result-
ing from the migration of large current-formed
bedforms (paleocurrent direction is bimodal
175-225°) on the shoreface bar slopes.

The sandstone layers are separated by lay-
ers of pebbly conglomerate with thicknesses
of up to 0.5 m. The bottom surfaces of these
layers are usually irregular. Within them, relics
of the stratification characteristic of wave-gen-
erated bedforms are present (Fig. 6A). In the
lowest part of the Chmielno Member succes-
sion, which only outcrops in the tectonically
disturbed zone at the Jerzmanice Fault in the
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Fig. 33. Schematic map and cross-section illustrating the geological structure of the “Krucze Skaty" geosite in Jerzmanice
Zdroj. Explanation: 1 - unseparated Neogene deposits, 2 - Cretaceous, 3 - metamorphic rocks of the Kaczawa Complex, 3
- layering, 4 - local fault surfaces, 5 - vertical or steeply inclined surfaces of horizontal shearing; rose diagrams: pc - palae-
ocurrent, ps - paleoslope; black lines: solid - certain faults, dashed - suspected faults; X - X: geological cross-section: lines

- continuous white (layering surfaces), dashed yellow (trip route), explaned sites from A to K.

north, these conglomeratic beds can reach
thicknesses of up to 1.5 m (cf. Fig. 7E, F). No es-
cape trace fossils were found on these areas
of rapid sediment accretion. The upper part
of the succession consists of cosets of large-
scale tabular and trough cross-stratification.
Transport directions to the northeast predom-
inate here (Figs 6C, 8).

In summary, the clastic material of the
Chmielno Member sandstones and conglom-

erates was deposited close to storm wave
base, not far from shore, in an area with rel-
atively slow sediment accumulation rates. At
the same time, this area was dominated by
offshore (longshore?) currents towards the
north and northeast, which excludes the pres-
ent-day Jerzmanice Fault as a zone delimiting
the contemporaneous shoreline of the basin.
A significant proportion of sediments inside
the layers in the lower part of the succession,
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shoreface-to-beach
seaward progradation

initial phase
basin inversion (?)

Fig. 34. Diagram explaining the probable sequence of sedimentation (1-2) and geodynamic (3-4) phenomena at Krucze Skaty.

as well as within the cosets of the upper part
of the unit, exhibit numerous soft-sediment
convectional disturbances with characteristic
shapes (e.g., folds, helicoidal torsions) (Figs 6C;
7B, F). In some places, the gravel material
are immersed in the underlying sand (drop-
shaped load casts) (Figs 6A; gB). All of these
deformations, especially in the upper part of
the Chmielno Member, gradually disappear
towards the southwest (cf. Fig. 6), where they
have not been documented in natural expo-
sures to date. Most of the deformations show
a clear northward vergence, which is in accor-
dance with the direction of local sedimentary
redeposition, as well as the direction of the
local palaeoslope during sedimentation. This,
in turn, places the Late Cretaceous North-
Sudetic Basin shoreline to the south or south-
west of the sites discussed here. Some of the
nearly vertical faults observed also have soft
sediment features (helicodal torsions and
shears, complementary kink bands) (Figs 7C,
E. F; 9B). Probably some of these faulted zones
were later reactivated as typical tectonic de-
formations of Cretaceous rocks during the re-
gional inversion of the sedimentary basin.

As we approach the Jerzmanice Fault zone,
the sediments of the Chmielno Member dip
progressively steeper towards the south-
southwest (cf. Figs 33, 7B, 9D). Close to the
fault zone, the conglomerate and conglom-
eratic sandstone layers are vertically oriented
and even inverted. In the latter, there are auto-
breccias - that is, deformations typical of local
in situ redeposition or tectonic destruction of
still unlithified sediment. Some fractures, es-
pecially low-angle, coupled shear surfaces of
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the R type (Riedel's shears), and kink-bands
surfaces have features typical of incompletely
lithified sediment (Figs 7C, E; cf. Solecki, 2011).
In addition, numerous subhorizontal, inclined,
and vertical surfaces have typical indicators
of fault surfaces including lineation and slick-
enside features, and/or are covered with re-
crystallization slickenfibres, which indicate a
generally oblique and overthrusting move-
ment direction of approximately 190-170" (Figs
9A, D). Interestingly, the majority of horizon-
tally oriented layers have boundaries and/or
subhorizontal tectonic surfaces within them
- classic signs of overthrust slides - which
allows for a slightly different interpretation of
the “inversional” nature of the Jerzmanice Fault
than would appear from the cartographic im-
age (see Fig. 34).

Genesis: Sand-gravely deposits of the shelf
and shoreface, forming cyclic layers with
slightly coarsening upwards grains, partially
obliterated primary sedimentary structures,
and storm-induced gravel accumulations.
Numerous soft sediment deformation struc-
tures (convectional, helicoidal torsions, load
casts) indicate high synsedimentary seismo-
tectonic activity of the Jerzmanice Fault.

Stop 4

Kopka Hill (German Hockenberg) between the
villages of Czaple (German Hockenau) and
Nowa Wies Grodziska (German Neudorf am
Groditzberg) (Fig. 35); Stop 4A: 51° 8 40.5" N,
15" 44 53" E; Stop 4B: 51° 8' 324" N, 15" 45’
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Fig. 35. Location of stop 4. For explanation of symbols see
Fig. 30.

9.9" E; Stop 4C: 51" 45" 9.9" N, 15" 45 9.8" E;
Stop 4A: Abandoned quarry at the western
foot of Kopka Hill, by the road from the vil-
lage of Czaple to the village of Nowa Wies
Grodziska. Stop 4B: Abandoned quarry on the
southwestern slope of the hill. Stop 4C: Active
quarry at the top part of the hill. All quarries are
operated by the Polish company “Kamieniarz',
Tadeusz Modlinski, Kielce.

Structure and stratigraphy: Leszczyna half-
graben: Zerkowice Member (lower Coniacian).
The sub-stops (individual quarries) are labelled
in stratigraphic order, with stop 4A showing
the lowest part of the Zerkowice Member and
stop 4C its top part. Relics of the basal Czerna
Formation (lower Santonian) seem to occur at
stop 4C.

Subject: Sedimentological features; deposi-
tional processes; ichnofossils and depositional
environment; normal-regression deposits;
economic importance.

Remarks: A sedimentary succession com-
posed of mostly medium-grained, quartz-
ose, noncalcareous, moderately to weakly
cemented sandstones with dune-scale, bidi-
rectional planar and trough cross-stratifica-
tion (lithofacies Sc of Leszczynski and Nemec
2020) is exposed at stops 4A-C (Figs 13, 14,
20, 21). Some admixture of coarse sand and
granules occurs at stop 4C. Cross-strata sets
are up to 1.5 m thick with foreset dip mostly
towards the northwest (ca. 330", and less of-
ten towards the southeast. Intercalations of
plane-parallel stratified and ripple cross-lam-
inated sandstone are subordinate (e.g., in the

quarry at stop 4B; Fig. 14) The local bedding
inclination includes at least 5° of secondary
tectonic tilt. The top part of the sedimentary
succession exposed in the eastern quarry wall
at stop 4C shows a sandstone lens, ca. 50 m
wide and 4 m thick, incised in the substrate
(Fig. 20). In contrast, the topmost western wall
of the quarry at stop 4C used to show a ca. 4
m thick succession comprised of pinkish-red
clayey mudstone overlain by two cross-strat-
ified sandstone bodies separated by a white
mudstone layer (Leszczynski observation
from 2010). The prominent variegated mud-
stones with sandstone interbeds suggest a
basal relic of the Czerna Formation, as ex-
posed at stop 5.

No trace fossils and only a few body fos-
sils (Inoceramus sp., Fig. 16D; Inoceramus Rleini
Muller, 1888; Chrzastek et al. 2018) have been
found in the quarry at stop 4A. Rare trace
fossils occur at stop 4B, including vertical
Ophiomorpha nodosa shafts, Rosarichnoides
sudeticus (Chrzastek et al. 2018), Thalassinoides
suevicus, T. paradoxicus, Phycodes cf. palma-
tus, and Gyrochorte isp.; additionally, body fos-
sils of the starfish Lophidiaster scupini Andert,
1934 (formerly Astropecten scupini Andert 1934;
Fig. 16H) have been recovered (Chrzgstek and
Wypych 2018). Intense bioturbation occurs at
stop 4C, with bedding surfaces densely cov-
ered with burrows such as Gyrochorte isp.,
Ophiomorpha nodosa, Phycodes cf. curvipal-
matum, Phycodes isp., Planolites cf. beverley-
ensis, and ?Thalassinoides-Phycodes com-
pound burrows (Chrzastek and Wyoych 2018;
Chrzastek et al. 2018).

The presence of the starfish Lophidiaster
scupini Andert, 1934 (formerly Astropecten
scupini; Fig. 16H) suggests a shallow-marine
setting (shoreface). These fossils used to occur
in abundance down to a water depth of usually
30-50 m (Beddingfield and McClintock 1993;
Villier et al. 2004). They are well-adapted to
soft-bottom substrates, as detrivores and pred-
ators of gastropods, bivalves, and crustaceans
(Caregnato et al. 2009; Blake and Guensburg
2016). Inoceramids are very common and cos-
mopolitan in Upper Cretaceous marine shelf
environments and had broad ecological toler-
ances (Harries and Ozanne 1998).

The sandstones at the Kopka hill have been
exploited since the Middle Ages as valuable
dimension stones.
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Genesis: The sediment packages mainly com-
posed of dune-scale cross-stratified sand-
stones are interpreted as longitudinal tidal
bars, up to 10-15 m thick, with complexes of
vertically and laterally stacked bars reaching
several dozen metres. The planar cross-strata
sets were deposited as 2D dunes, and the
trough cross-strata sets as 3D dunes. Both in-
dicate transport mainly to the northwest, and
evidence for opposite transport directions sup-
ports the existence of tidal flows. The top part
of the sedimentary succession exposed at stop
4C shows a basin-margin delta prograding to
the north-northeast and interfingering with the
southwest flank of a tidal sand bar. The incised
sandstone lens at the succession top is a fluvial
palaeochannel formed during the forced re-
gression that terminated the deposition of the
Zerkowice Member. The relic, topmost part of
the succession in the western quarry wall at
stop 4C comprises lacustrine clayey mudstone
and fluvial channel sandstones.

Stop 5

Quarries south of the village of Wartowice
(German Warthau) (Fig. 36); Stop 5A: 51° 12" 45.3"
N, 15" 39' 12" E; Stop 5B: 51" 12' 53.6" N, 15" 39
2.8" E; Stop 5C: 51" 18' 375" N, 15" 45" 42" E; all
stops are active quarries; Stop 5A: Quarry cur-
rently operated by Hofmann Natursteinwerke
Polen Sp. z 0.0., Krakow; Stop 5B: Quarry cur-
rently operated by Geiger Stein- und Schotter-
werke GmBH, Kinding, Germany; Stop 5C:
Quarry currently operated by ATS-Stein Sp. z
0.0. Kopalnie piaskowca, Bolestawiec.

Structure and stratigraphy: Bolestawiec (Gro-
dziec) Syncline; Upper part of the Zerkowice
Member (lower Coniacian) of the Rakowice
Wielkie Formation and lower part of the Czerna
Formation with Nowogrodziec Member (lower
Santonian)

Subject: Sedimentological features; lateral
change of the succession; depositional pro-
cesses, body fossils and ichnofossils; palae-
osols and depositional environment; normal
regression and transgressive deposits; eco-
nomic importance.

Remarks: The lower part of the sedimen-
tary succession exposed in all three quarries
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shows the uppermost part of the Zerkowice
Sandstone Member, exploited here as valu-
able dimension stone. The upper part of the
succession represents the lower part of the
overlying Czerna Formation (Fig. 25A, B, 37).
The Zerkowice Member exposed at the vis-
ited quarries is up to ca. 17 m thick at stop 5A, 7
m at stop 5B, and 9 m at stop 5C. The general
appearance of the succession varies with the
nature of the exposure. On the surfaces of older
natural joints, portions of the succession with
thicknesses of several metres look massive,
divided into two sandstone beds as much as
4 m thick, separated from each other by a flat
to highly irregular discontinuity surface (e.g.,
in the quarry at stop 5B; Fig. 37B). Elsewhere,
a packet of heterolithic sediment occurs, up
to 1 m thick (lithofacies H in Leszczynski and
Nemec 2020; quarries at stops 5A and 5C;
Fig. 37A, D). Weathered surfaces tend to show
thinner bedding, tabular and lenticular in verti-
cal section, with beds up to 1.5 m thick (Fig. 37A
left side of photo). On closer inspection, one
can see dune-scale cross-stratification (litho-
facies Sc of Leszczynski and Nemec 2020;
Fig. 11A, B), plane-parallel stratification (litho-
facies Sp in Leszczynski and Nemec 2020),
and rarely ripple cross-lamination, besides the
massive structure. Cross-stratification occurs
as 30-95 cm thick sets. The thinner sets are
bounded either by discontinuity surfaces or
by laterally discontinuous siltstone or mud-
stone drapes 0.5-2 cm thick (lithofacies M in
Leszczynski and Nemec 2020). The sandstone
is mostly fine- to medium-grained, arenitic,
quartzose, noncalcareous with kaolinitic and
generally ferrous-poor cement. An admixture
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Fig. 37. General appearance of outcrops at stop 5. A - View of fieldstop 5A on October 10, 2010. B - View of fieldstop 5B view
September 29, 2021. The arrow indicates location of numerous Ophiomorpha nodosa. The black rectangle indicates close-up in
C. C - Portion of the Czerna Formation at fieldstop 5B on September 29, 2010. D - View of fieldstop 5C on September 29, 2021.

of coarser grains up to small quartz pebbles
(1 cm in size) occurs in the highest bed.
Isolated and clustered fishbones (Lesz-
czynski 2018, fig. 11F) as well as single imprints
of driftwood fragments with clustered casts of
wood boring bivalves (Teredolites clavatus) were
found in the sandstones at stop 5A (Leszczynski
2018, fig. 12B). Claystone intraclasts occur in the

fills of large gutters. The bedding surfaces of
sandstone, particularly the scoop-shaped sur-
faces bounding trough cross-strata sets, are
covered with wave or combined-flow ripple
marks (Fig. 11H, 1), bioturbation structures (Fig.
15A, B), and rarely molds and casts of body
fossils, mostly bivalves (Leszczynski 2018, fig.
11A). The bioturbation structures include trace
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fossils ranging between a stressed expres-
sion of the Skolithos Ichnofacies and a prox-
imal expression of the Cruziana Ichnofacies
(Leszczynski, 2018). Two thick sandstone beds
in the top part of the Zerkowice Member at
stop 5A show a totally bioturbated, locally fer-
ruginized, sharp top (Fig. 25A, B; Leszczynski
2018, fig. 10A-C). Some bioturbation structures
reminisce rhizoliths (Leszczynski 2018, fig. 10B).
Moreover, numerous Ophiomorpha hodosa oc-
cur locally in the lower bed, up to 3 m below its
top. At stop 5A, local ferruginization occurs in
the two highest thick sandstone beds, at their
top and up to ca. 1 m below it. The ferruginized
layer is up to 10 cm thick.

In all three quarries, the Czerna Formation
begins with a heterolithic unit dominated by
mudstones and claystones, locally containing
ferricrete or bands up to 5 cm thick and glob-
ular to vermicular hematitic concretions (the
Nowogrodziec Member of Milewicz 1985). This
unit is up to 7 m thick, and its basal part is
marked by a packet of mostly greyish white or
variegated silty mudstone overlain by very fine
sandstone with siltstone interlayers and rhi-
zoliths (Figs 25A, B; 26A-C; Leszczynski 2018;
Leszczynski and Nemec 2020). In quarry 5A,
the unit contains two coal lenses up to 25 cm
thick. The lower one encloses coalified trunks
of driftwood with diameters of up to 122 cm. The
upper lens rests on a clay layer enclosing plant
roots in its top part (Figs 25B; 26D). In quarry
5C, a coal and coaly mudstone lens, ca. 20 m
long and up to 1 m thick, has recently been ex-
posed. It occurs approximately 2 m above the
base of the Czerna Formation (Fig. 37D). Some
mudstone layers therein are densely inter-
spersed with sand and/or silt streaks and thin
interlayers, forming the heterolithic lithofacies
H of Leszczynski and Nemec (2020), which
occurs as beds up to 2 m thick and is often
strongly bioturbated (in part abiotically con-
torted?) in the upper part of the unit (Fig. 25A,
B). The heterolithic deposits pass upwards into
fine-grained and further medium- to coarse-
grained sandstones, mostly homogenized
by bioturbation (Fig. 26E, F), locally showing
ripple cross-lamination (lithofacies Sr and Sw
of Leszczynski and Nemec 2020), up to 2 m
thick, variably ferruginized, with local ferricrete
at their top. Some sandstone beds have both
sharp bases and tops and show plane-parallel
stratification and cross-stratification.
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The overlying part of the Czerna Formation,
up to 8 m thick, is dominated by medium- to
coarse-grained sandstones with an admixture
of small pebbles, planar-parallel stratified and
trough cross-stratified (lithofacies Sp and Sc
of Leszczynski and Nemec 2020). They occur
as beds up to several metres thick, separated
by sheet-like heterolithic units of lithofacies
H, 10-25 cm thick. The lowest thick sandstone
bed locally captures Ophiomorpha nodosa
(Fig. 26F).

Genesis: As with the sandstones of the Zer-
kowice Member at stop 4, the dune-scale
cross-stratified sandstones at stop 5 are inter-
preted as representing longitudinal tidal bars
elongated roughly parallel to the basin axis.
Their planar cross-strata sets were deposited
as 2D dunes, and the trough cross-sets as 3D
dunes. Foreset dip directions indicate a dom-
inant transport direction to the northwest, but
the cross-sets are generally bidirectional and
show a wide range of transport directions (cf.
Fig. 19D). The heterolithic interbeds were de-
posited in inactive, sheltered interbar swales.

The lower part of the Czerna Formation is
interpreted as deposits of a coastal alluvial
plain with shallow lakes (ponds and oxbow
lakes), peat-forming mires, and tide-influ-
enced fluvial channels. The upper part in-
cludes deposits of a paralic coastal plain with
basin-margin sand wedges and axial fluvial
channels with crevasse splays (referred to as
minor mouth bars where spread into lacus-
trine ponds).

Stop 6

Active quarry near the village of Zeliszéw
(German Giersdorf; Fig. 38); 51" 11' 3" N, 15" 38’
54.92" E; Active quarry owned by the company
‘Kamieniarz', Tadeusz Modlinski, Kielce

Structure and stratigraphy: Bolestawiec
(Grodziec) Syncline; Zerkowice Member (lower
Coniacian) and Nowogrodziec Member (lower
Santonian).

Subject: Sedimentological features; deposi-
tional processes; ichnofossils and depositional
environment; normal- to forced-regressive
and transgressive to normal-regressive sys-
tems tracts; economic importance.
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Fig. 38. Location of stop 6. For explanation of symbols see
Fig. 30.

Remarks: The lower part of the sedimentary
succession exposed in the quarry is up to ca.
10 m thick and represents the uppermost part
of the Zerkowice Member, exploited here as
dimension stone. The upper part, up to 7 m
thick, represents the lower part of the Czerna
Formation (Fig. 25C). The deposits are overlain
by a several metre thick succession of fluviogla-
cial gravels. The Zerkowice Member consists
of several beds of fine- to medium-grained,
quartzose, noncalcareous, arenitic, cream-yel-
low sandstone up to 4 m thick, separated from
one another by flat to irregular (erosional) dis-
continuity surfaces (Fig. 26H) or packets of
heterolithic sediment up to 0.7 m thick (litho-
facies H in Leszczynski and Nemec 2020). The
sandstones appear either structureless or show
planar and trough bidirectional cross-stratifi-
cation and plane-parallel stratification. Cross
stratification occurs in 15-35 cm thick sets. The
top surface of the uppermost bed exhibits a
shell lag (Leszczynski and Nemec, fig. 5K) dom-
inated by casts and molds of the gastropod
Nerinea bicincta and rare trace fossils, mostly
Ophiomorpha nodosa (Fig. 15C). The latter can
also be rarely found in bed cross-sections.

The Czerna Formation begins with a 0.5 m
thick heterolithic packet (lithofacies H), with
bioturbated greyish-white to yellow claystone
and fine-grained sandstone. An imprint of a
driftwood fragment with clustered Teredolites
clavatus (casts of wood-boring bivalves) has
been found in the middle part of this packet.
The packet is overlain by a ca. 1.8-3 m thick
composite bed of fine- to very coarse-grained
sandstone, trough cross-stratified, with thin
siltstone and mudstone interlayers and rare

Ophiomorpha nodosa. The cross-strata sets
are inclined toward the southwest. The unit
in its thinner segment is overlain by a lens of
light-grey to orange claystone, sandy mud-
stone, and two coal beds (0.6 m and 0.25 m
thick). The lens has an SE-NW (150-330°) ex-
tent of ca. 30 m and is up to ca. 3 m thick. It is
overlain by a 0.35 m thick bed of planar-par-
allel-laminated siltstone passing upwards
into ripple cross-laminated, very fine-grained
sandstone. The succession is topped with a
2.3 m thick bed of sandstone with clustered
occurrences of mostly vertically oriented
Ophiomorpha nodosa (Fig. 261), indicating the
Skolithos Ichnofacies.

Genesis: Similar to the sandstones of the
Zerkowice Member at stops 4 and 5, the sand-
stones at this stop are interpreted as represent-
ing a tidal sand bar, with planar cross-strata sets
deposited as 2D dunes and the trough cross-
sets as 3D dunes. Like in stops 4 and 5, foreset
dips indicate a dominant transport direction to
the northwest. The top surface of the Zerkowice
Member, covered by a shell lag, may represent
the shoreface of a retreating sea.

The Czerna Formation sediments are inter-
preted as deposits of a coastal alluvial plain
with shallow lakes (ponds and oxbow lakes)
and tide-influenced fluvial channels. The up-
per part includes deposits of a paralic coastal
alluvial plain with basin-margin sand wedges
(Fig. 26H).

Stop 7

Active quarry and a rock tor between the
villages of Skata (German Hohlstein) and
Zerkowice (German Sirgwitz; Fig. 39); Stop 7A:
51" 9 349" E, 153 4 55.8" E; Stop 7B: 51" 9’
30.6" E, 15" 34" 33.4" E; Stop 7A: Active quarry
currently owned by Hofmann Natursteinwerke
Polen Sp. z 0.0, Krakow; Stop 7B: “Skata z
Medalionem” tor, 26 m high, in the woods on
the southern slope of Wiezyca Hill.

Structure and stratigraphy: Southern out-
skirts of the Bolestawiec Syncline; Zerkowice
Sandstone Member (lower Coniacian).

Subject: Sedimentological features; ichnofos-
sils; depositional processes and environment;
economic importance.
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Fig. 39. Location of stop 7. For explanation of symbols see
Fig. 30.

Remarks: Approximately the same part of the
Zerkowice Member is exposed in both sub-
stops, which are separated by about 400 m, al-
though the quarry outcrop is stratigraphically
less than half the length of the rock tor and cor-
responds to the upper part of the tor. Both the
quarry and the tor expose mostly fine- to me-
dium-grained, quartzose sandstones with pla-
nar and trough cross-stratification (lithofacies
Sc of Leszczynski and Nemec 2020; Figs 11A-
C, 17) as well as planar-parallel stratification
(lithofacies Sp of Leszczynskiand Nemec 2020;
Fig. 17) with surfaces covered by parting linea-
tion (Fig. 11J). Cross-strata sets range from a
decimetre to 0.9 m in thickness and show vari-
able and often bidirectional transport direc-
tions (Fig. 17). Thinner sets occur in the lower
part of the succession, whereas the thickest
are characteristic of the middle part (Fig. 17).
Sandstones with current ripple cross-lamina-
tion (lithofacies Sr of Leszczynski and Nemec
2020; Fig. 17) and wave ripple cross-lamina-
tion (lithofacies Sw of Leszczynski and Nemec
2020; Fig. 17) constitute subordinate lithofacies.
The top part of the sedimentary succession,
best preserved in the tor, shows only faint,
bioturbated planar-parallel stratification and
ripple-cross lamination. \Wave and current rip-
ples (Fig. 11G-I) and bioturbation structures
(mainly ichnogenus Thalassinoides, rarely
Ophiomorpha, Treptichnus, Planolites, Nereites,
and other; see Leszczynski 2018; Fig. 15E), are
frequently encountered on cross-set bounding
surfaces. However, bioturbation is restricted to
these bedding surfaces and is rarely visible
in vertical bed cross-sections. The trace fossil
assemblage represents a proximal expression
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of the Cruziana Ichnofacies. Some cross-strata
sets show hydroplastic deformation and par-
tial homogenization by liquefaction (Fig. 17).
The sandstone in the quarry is exploited as a
building stone.

Genesis: The sedimentary succession at both
sub-stops is thought to represent a shoaling-
upwards tidal bar, increasingly wave-worked
at the top (lithofacies Sw and Sp). The cross-
strata sets represent 2D and 3D dunes migrat-
ing over an accreting tidal bar, obliquely to its
axis (cf. Fig. 19). Plane-parallel stratified and
ripple cross-laminated sandstones in the top
part of the tor are thought to represent a wave-
dominated bar top shoal, probably merged
with the upper shoreface environment of the
basin shoreline.

Stop 8

Rakowiczki, abandoned quarry in the village of
Rakowice Mate (German Wenig Rackwitz) (Fig.
40), 51° 9 55.6" E, 15" 32' 33.8" E; Abandoned
quarry now mostly overgrown with young
trees. The southern wall, up to 10 m high,
shows sandstones. The northern wall, now up
to 15 m high, shows sandstones in the lower
part, up to 4 m high, and claystones, mud-
stones, siltstones and sandstones in the upper
part (Fig. 24).

Structure and stratigraphy: Southwestern out-
skirts of the Bolestawiec Syncline; Zerkowice
Member of the Rakowice Wielkie Formation
(lower Coniacian) and Nowogrodziec Member
of the Czerna Formation (lower Santonian;
Fig. 24).

Subject: Fully marine to brackish shoreface;
lagoonal and paludal sediments; palaeosol;
marine regression/transgression record; fos-
sils; bioturbation.

Remarks: Rakowice Mate is one of the main
localities for the extraction of Cretaceous
sandstones and for studies of North-Sudetic
Cretaceous stratigraphy and related historical
collections of Cretaceous megaflora. The ex-
traction of sandstone from here lasted sev-
eral hundred years. Rich floral collections have
been collected from this quarry and other out-
crops in the area, and palaeobotanical issues
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Fig. 40. Location of stop 8. For explanation of symbols see
Fig. 30.

are discussed separately at the end of the stop
description.

The sedimentary succession in the quarry,
particularly the part representing the Czerna
Formation, has been described in many pa-
pers since the 19th century. The Zerkowice
Member below consists predominantly of
fine- and medium-grained, cream-yellow to
locally orange-brown, moderately hard, non-
calcareous quartzose sandstones, plane-par-
allel and through cross-stratified (lithofacies
Sp and Sc of Leszczynski and Nemec, 2020),
partly massive-looking and indistinctly bedded
(Fig. 24D, E). The massive-looking and planar
parallel-stratified lithofacies form the topmost
part of the unit. Cross-strata sets range from a
decimetre to 1 m thickness and show variable,
often bidirectional transport directions. Rare,
taxonomically undefined bioturbation struc-
tures (ethologically mostly pascichnia) and the
ichnogenera Ophiomorpha and Thalassinoides
are encountered on the bedding surfaces
(Leszczynski 2010, 2018; Fig. 15D). The upper
boundary of the Zerkowice Member is sharp,
flat, ferruginized, and covered with ironstone
crust. Until 2012, the sandstones of this unit
were extracted in this quarry as valuable
buildingstone, whetstone, and carvingstone
for several hundred years.

The overlying Czerna Formation begins
with a layer of cream-yellow, cherry-red,
and orange banded, streaked, and mottled
muddy claystone, 0.65 m thick (Fig. 26J). The
cherry-red variety displays vertically elongate,
white-coloured root-like structures. X-ray dif-
fraction analysis revealed that this is a kaolin-
ite-dominated deposit (average kaolinite con-

tent 53.9% by weight). The basal layer passes
upwards into a 70 cm thick bed of mottled,
brown mudstone, with a 15-20 cm thick in-
terlayer of mottled siltstone to fine-grained
sandstone in its lower part. The deposits show
dispersed coalified plant fragments. The top
of the mudstone layer is marked by a level rich
in coalified plant fragments, locally forming a
shiny coal layer as much as 2 cm thick.

The overlying part of the succession be-
gins with a 37 cm thick bed of grey-brown,
mottled to subtly parallel laminated mud-
stone (with plant roots?) that grades upwards
into siltstone and subsequently to an argil-
laceous sandstone as much as 30 cm thick.
The latter grades upwards into a 22 cm thick
layer of dark-brown mudstone capped by a
5-10 cm thick coal seam. The sandstone is rich
in large coalified plant debris and is cut by
plant roots (Fig. 24C). This basal part of the
Czerna Formation is tectonically duplexed in
the eastern part of the quarry (with only rem-
nants presently visible), whereas small thrusts
occur in its western part, now covered by the
quarry waste (see Leszczynski 2010, fig. 3).

The coal seam overlying the duplexed part
shows burrows reminiscent of the ichnogenus
Thalassinoides. The coal seam is overlain by a
brown mudstone, 33-45 cm thick, showing a
mottled structure and locally penetrated by
plant roots (Fig. 24C). This mudstone is overlain
by a bed of impure coal, up to 20 cm thick (see
log height 127 m in Fig. 24). Over the duplex
structure, this coal seam occurs amalgam-
ated into one bed with the lower-lying seam.
The upper coal seam is brittle with sand in-
sertions, similar to the lower-lying seam. The
coal shows sand insertions with tortuous
shapes and some dish shaped lamellation in
cross-section. They resemble structures de-
scribed by Kamola (1984) as various ichno-
species of Thalassinoides. The tortuous ones
with lamellae resemble structures shown by
Seilacher (1955) as cf. Phycodes palmatum Hall
(1852), and to some extent Teichichnus zig-
zag Frey and Bromley 1985. Their tortuosity
may be in part a result of compaction. The
bundles of lens-shaped sand insertions may
possibly represent the ichnogenus Phycodes.
Some lenses showing a striated surface and
an obliquely laminated interior in cross section
may represent the ichnogenus Teichichnus.
The branched, rope-sized burrows represent
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two Thalassinoides isp. Another feature of the
coal seam is the occurrence, at its top, of tree
trunk fragments containing casts of the wood
borings Teredolites clavatus Leymerie, 1842
(Leszczynski 2010, fig. 10E, F). Compositionally,
this coal bed corresponds to the “log-ground”
of Savrda et al. (1993): that is, a ground consist-
ing of a high concentration of allochthonous
wood strewn across a depositional surface.
The overlying unit is a highly to completely
bioturbated argillaceous sandstone passing
upwards into a sandstone-mudstone hetero-
lithic packet (Fig. 24 log, B), showing variable
bioturbation intensity (Fig. 26K-M). This whole
unit is 165 cm thick. The argillaceous sand-
stone shows a mottled structure with rem-
nants of flaser and wavy bedding. Trace fossils
of the ichnogenera Asterosoma, Palaeophycus,
Ophiomorpha, Thalassinoides, Planolites, and
Taenidium are the dominant recognizable ich-
notaxa (Leszczynski 2010), particularly in the
lower part of the muddy-sandstone unit. In
places, the sediment fabric seems to show
Asterosoma and inferred Cylindrichnus over-
printed by Thalassinoides isp., a thickly mud-
lined burrow tentatively called Palaeophycus
isp., P. cf. tubularis Hall, 1847, and Planolites isp.
indet. (Fig. 26L). Elsewhere in the lower part
of the unit, the ichnofabric is dominated by
roughly horizontally winding burrows of the
ichnogenus Ophiomorpha and Palaeophycus
(Leszczynski, 2010, fig. 12B). Most burrows
in the lower part of the argillaceous sand-
stone resemble Ophiomorpha irregulaire Frey,
Howard and Pryor, 1978 (Leszczynski, 2010,
fig. 12A, C, D). They are accompanied by rare
burrows showing annulations of pelleted mud
lining as in O. annulata (Ksigzkiewicz 1977, see
Leszczynski 2010, fig. 12A, B). Bedding-parallel
to oblique burrows, resembling the ichno-
genus Taenidium, occur locally in the argil-
laceous sandstone. Specimens of Taenidium
baretti (Bradshaw,1981) (Leszczynski 2010, fig.
12C, D) and Taenidium serpentinum Heer, 1877
(see Leszczynski 2010, fig. 12B) were recorded
in the Ophiomorpha-dominated division. In
total, the trace fossil assemblage appears to
represent the Cruziana Ichnofacies in the prox-
imal expression of a stressed environment.
The upper part of the heterolithic packet
comprises interbedded drab to pale-coloured
argillaceous sandstone, arenitic sandstone,
and grey to dark-brown sandy mudstone and
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mudstone. These deposits show variable in-
tensities and styles of bioturbation. The pro-
portion of sandstone relative to mudstone
decrease upwards, as the mudstone also
becomes more clayey. The less bioturbated
divisions show wavy to lenticular bedding.
Current ripple lamination with variable and
often bidirectional inclination, combined-flow
ripples, and wave ripples are recognizable in
the poorly bioturbated sand lenses and layers.
The icnofabric primarily consists of irregular
tan to drab sediment mottles. Distinct trace
fossils are represented by several ichnotaxa
dominated by 1 mm thick, bedding-parallel
to vertical, mud-lined and sand-filled bur-
rows and similarly thick, unlined, mud-filled
burrows. Some thin, mud-lined burrows
are U-shaped and Y-shaped and resemble
Arenicolites (Fig. 26M) and Psilonichnus. They
are analogous with burrows of the polychaete
Capitella cf. capitula described from the up-
per offshore of Georgia, US.A. (Hertweck et
al. 2007). The mud-lined burrows showing dif-
ferent orientations to bedding seem to cor-
respond to the trace fossil Bornichnus tortu-
osus Bromley and Uchman (2003) described
from the Lower-Middle Jurassic tidal flat
deposits of Bornholm (Denmark). Ichnotaxa
also include Schaubcylindrichnus isp. indet.,
?Phycosiphon isp. indet., Planolites isp. indet.
and other taxonomically undetermined forms.
Some Schaubcylindrichnus specimens re-
semble the ichnospecies S. coronus Frey and
Howard, 1981. They tend to occur in bundles
of congruent, sand-lined tubes. Some rock
parts contain aggregations of taxonomically
undetermined sand-filled burrows resembling
diminutive Planolites in cross-section and
small burrows showing concentric structure
in cross-section. The trace fossil assemblage
would seem to represent a single ecological
suite. The forms of structures, the inferred ich-
notaxa and the sedimentological and ichno-
logical context of these deposits indicate the
Cruziana Ichnofacies of a highly stressed en-
vironment.

The heterolithic packet passes gradu-
ally upwards into a 1 m thick bed composed
of grey to greenish-grey and green clayey
mudstone sandwiched by several thin clay
ironstone (siderite) interbeds and topped by
a coaly mudstone layer several centimetres
thick (log height 16.0 m in Fig. 24). The latter is
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the highest unit in the local sedimentary suc-
cession of the Nowogrodziec Member. No dis-
tinct bioturbation structures have been found
in the mudstone deposit. Examination of three
samples from its lower, middle, and upper
parts revealed an absence of foraminifers or
other microfossils.

The overlying coaly mudstone is highly
burrowed in its upper part, where bioturbation
obscures its upper boundary and adds to its
gradual passage into the overlying sandstone.
Bioturbation is dominated by densely packed
sand-filled burrows Asterosoma ludwigae
Schlirf, 2000, accompanied by Thalassinoides
isp. indet.,, Chondrites isp. indet. (Leszczynski
2010, fig. 14D-F; Fig. 26N) and some other taxo-
nomically undetermined ichnotaxa. Asterosoma
dominates in the whole bioturbated division,
whereas Thalassinoides is most densely distrib-
uted from 10 to 20 cm above the lower bound-
ary of the mudstone bed and Chondrites is
recorded only from 5 to 9 cm above this bound-
ary. Asterosoma is intersected by Thalassinoides
isp. Both ichnotaxa cross-cut Chondrites isp.
Burrowing becomes less distinct upwards,
in the drab coloured argillaceous sandstone;
however, the mottled appearance of its split-
ting surfaces suggests profound bioturbation.
The ichnofossils are typical of taxonomically
impoverished archetypal Cruziana Ichnofacies
(see MacEachern et al. 2007).

The overlying part of the sedimentary suc-
cession (above log height 15.8 m in Fig. 24)
consists of two coarsening- to fining-upwards
divisions comprising seven lower-order coars-
ening-upward divisions. The top part of this
unit is strongly reworked by Quaternary surfi-
cial processes. The whole unit is rather poorly
preserved, being strongly jointed, irregularly
impregnated with iron oxides, and commonly
penetrated by recent plant roots (Fig. 260).
Massive or cross-stratified sandstone deposits
are present, and a sand-dominated heterolithic
deposit occurs at its top. The heterolithic de-
posit shows wavy to lenticular bedding and a
chaotic structure. The lamination of current rip-
ples, combined-flow ripples, and wave ripples
is visible locally. The sandstone deposit is pale
to orange and yellowish in colour and shows a
generally massive structure. Some of its parts
display ripple lamination and medium-scale
cross-stratification. It shows sparse to abun-
dant bioturbation. Thorough examination re-

vealed the occurrence of Asterosoma isp. indet.
(see Leszczynski 2010, fig. 15C, D), Paleophycus
cf. tubularis, Ophiomorpha cf. irregulaire (see
Leszczynski 2010, fig. 15D, E), O. cf. nodosa, and
Planolites isp. Argillaceous sandstone shows
rich casts and molds of various bivalves (e.g.,
Cyrena cretaceq), partly concentrated on bed-
ding surfaces. The sandstone of the lower part
of the thickest coarsening-upwards unit shows
bivalve shells in life position and fragments of
vertical to nearly vertical, cylindrical, smooth-
walled burrows resembling Skolithos linearis
Haldeman, 1840 (see Leszczynski 2010, fig.
16C, D) and Arenicolites-like trace fossils. The
trace fossils in heterolithic deposits represent
the Cruziana Ichnofacies in a distal to prox-
imal expression of a stressed environment,
whereas the assemblage recorded in massive,
poorly bioturbated sandstones seems to rep-
resent the Skolithos Ichnofacies.

Small thrusts and tectonic duplexing oc-
cur in the lower part of the Czerna Formation
(Leszczynski 2010, fig. 3), although these for-
mer features in the western quarry segment
are now covered by the quarry waste, whereas
the duplexed body, ca. 13 m in length, has
been removed by mining operations.

Palaeobotany of the stop and its surround-
ings: The Nowogrodziec Member of the Czerna
Formation has been the focus of recent pa-
laeobotanical investigations by a joint Polish-
Czech-German team (see Halamski et al. 2020
and references therein). The earliest plant fossils
have been found directly at the boundary be-
tween the Zerkowice Member and the Czerna
Formation (see Assemblage 4 in Halamski et
al. 2020). This assemblage is dominated by the
angiosperm Dewalquea haldemiana (Fig. 161)
and the matoniaceous fern Konijnenburgia cf.
galleyi (Fig. 16K). Both have thick coriaceous
leaves and may be interpreted as dwellers of
xerophytic habitats (dryland and/or fern savan-
nas). The next assemblage (Assemblage 5 in
Halamski et al. 2020) comes from about 6-8 m
of overlying dark siltstone containing irregular
coal intercalations (including, therefore, parts
B-C of the lithological column given in Fig. 24)
This assemblage is dominated by the conifer
Geinitzia reichenbachii (Fig. 16J) and clearly cor-
responds to backswamp forests.

The mesoflora and microflora have beenre-
cently studied on the basis of collections from
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the upper part of the Nowogrodziec Member
(corresponding to the megafloral Assemblage
5. stratigraphy as above). The mesoflora is rel-
atively poor, and recent investigations failed to
locate the rich mesofloral level from which the
material described by the Czech palaeobot-
anist Ervin Knobloch was reportedly derived
(Knobloch and Mai 1986).

The microflora consists of 126 taxa, includ-
ing 105 terrestrial palynomorphs (54 bryo-
phyte, lycophyte, and pteridophyte spores, 16
gymnosperms, 35 angiosperms; Halamski et
al. 2020). Marine palynomorphs, in particular
dinocysts, are extremely infrequent. Therefore,
in contrast to initial expectations, the position
of the Coniacian-Santonian boundary could
not be verified on the basis of microflora.

The microflora from this area had previ-
ously been investigated by the pioneering
palynologists F. Thiergart and W. Krutzsch.
Thiergart (1942) described a characteristic
schizeaceous fern spore Appendicisporites
appendicifer. Krutzsch (1966) distinguished
the “Lowenberger Bild" as an informal paly-
nostratigraphic unit within the Cretaceous.
Locality data for Krutzsch's samples are not
available, but he presumably collected them
at Rakowice Mate, the largest quarry in the
region. However, his palynofloral list is notably
different from the findings of recent authors
even at the genus level (see Halamski et al.,
2020, p. 858 for details). An interesting direc-
tion for future research would be to explore
the details and reasons for these differences.

Genesis: The sandstones in the lower part
of the sedimentary succession (Zerkowice
Member) show features (lithofacies and trace
fossils) indicative of a shoaling tidal bar com-
plex overlain by the encroaching basin mar-
gin shoreface and foreshore (Fig. 24). In con-
trast, the lower part of the Czerna Formation
(Nowogrodziec Member), indicates sedimen-
tation on a vegetated coastal limnic plain in-
creasingly invaded by seawater. The change
of depositional environment recorded by the
Czerna Formation is attributed to a separation
of the coastal plain from the open sea by a
sand barrier formed within the transgressive
systems tract (Figs 28D, 29). Siltstones with
plant roots and driftwood fragments showing
the trace fossil Teredolites clavatus, together
with coal seams containing Thalassinoides
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isp., are thought to represent a coastal plain
with paludal sedimentation and incursions
of marine water. The fining-upwards top part
of the Nowogrodziec Member - showing an
almost archetypal Cruziana Ichnofacies sug-
gesting highly stressed brackish conditions
- indicates extensive marine drowning and
lagoonal sedimentation. The termination of
the drowning, marked as a maximum flood-
ing surface (Fig. 29), is indicated by the coaly
mudstone at the top of the Nowogrodziec
Member. A punctuated normal regression
with prograding brackish bay shoreface and
deltas is inferred from lithofacies, ichnofos-
sils and body fossils for the deposits over-
lying the Nowogrodziec Member and top-
ping the examined succession (Fig. 29). The
trace fossils indicate Cruziana Ichnofacies
and Skolithos Ichnofacies in an expression of
slightly stressed environments.

Stop 9

Active open pit (Kopalnie Surowcéow Mine-
ralnych Surmin-Kaolin S.A. in Nowogrodziec;
Quarzwerke GmbH group) near the town of
Nowogrodziec (German Naumburg am Queis;
Fig. 41); 51" 12" 45" N, 15" 22' 31" E; pit ca. 500%x550
m in area, ca. 25 m deep, active, with 10 ex-
traction horizons.

Structure and stratigraphy: Bolestawiec
Syncline; Czerna Formation (German Uber-
quader), Santonian(?)

Subject: Sedimentological features; origin and
economic significance.

to Zebrzydowa

kaolin
open pit
+
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\*
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300m
—

Fig. 41. Location of stop 9. For explanation of symbols see
Fig. 30.
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Remarks: Sedimentary succession composed
of lenses and beds of brittle, trough and rarely
planar cross-stratified or structureless, very
coarse- to fine-grained, greyish-white to white,
subordinately orange-brown, quartzose sand-
stones, minor granule to pebble quartzose
conglomerates, and light-grey to white poorly
cemented siltstones, mudstones (muds), and
claystones (clays). The lenses and beds of the
fine-grained sediments are 0.2-3.0 m thick,
mostly 0.5-1.5 m, and constitute ca. 25% of the
whole succession (Galos 2020). The succes-
sion dips homoclinally £12° to the northeast
(Fig. 27).

These are typical kaolins. Here, white-firing
clay is extracted from both the coarse-grained
and fine-grained sediments by washing the
crushed output from parts of the succession
where the proportion of good quality clay min-
erals is >20%.

Genesis: The mainly lenticular beds of both
coarse- and fine-grained sediments, common
cross-stratification of sandy, and erosional
gravelly horizons indicate an alluvial origin of
the sedimentary succession. The white colour
of sediments results from bleaching by highly
acidic pore waters (e.g.. Rushton et al., 2020
and references therein)

Stop 10

Osiecznica (German Wehrau), the birthplace
of Abraham Gottlob Werner (1749-1817), the
founder of Neptunism theory (Fig. 42); 51" 19’
36.3" N, 15" 25" 23.3" E. Rock tors on the left
bank of the Kwisa river gorge.

Structure and stratigraphy: Bolestawiec Syn-
cline; upper Cenomanian Wilkow Sandstone
Member (German Unterquader) of the Rako-
wice Wielkie Formation

Subject: Sedimentological features and or-
igin of late Cenomanian deposits at the
norththeastern margin of the North Sudetic
Synclinorium; natural resources of the local
Cretaceous and their use.

Remarks: The rock tors show diffusely inter-
bedded, structureless to crudely cross-strat-
ified, medium- to coarse-grained quartzose,
noncalcareous sandstones and granule to
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Fig. 42. Location of stop 10. For explanation of symbols see
Fig. 30.

fine pebble conglomerates with poor kaoli-
nitic and ferrous cement and amuddy ma-
trix. The rock colour is whitish grey to drab,
zonally orange-brown. Deposits in nearby
outcrops are covered by grey, thin-bedded
sandy marlstones. The Cenomanian age of
these sediments is based on the occurrence
of Pecten asper Lamarck, found in an old
quarry ("“Napoleon”) south of the Bolestawiec-
Kliczkow road and in excavations to the north
of it (see Przybylski and Ihnatowicz 2012). The
sandstones are vertically and horizontally frac-
tured. They used to be mined in quarries a few
kilometres to the southeast.

The village of Osiecznica is presently the
second-largest glass sand pit processing
plant in Poland. The Coniacian Zerkowice
Sandstone exploited here is an almost loose
sand, containing >99% SiO,. The sedimento-
logical features of these sandy and overlying
muddy deposits are described in the main text
of the guidebook.

Genesis: The sediments in the tors show fea-
tures indicative of deposition in a high wave-
energy shoreface, dominated by longshore
currents and sea storms.
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