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Storm-influenced deposition and cyclicity in a shallow-marine mudstone
succession — example from the Middle Jurassic ore-bearing clays of the Polish Jura
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Sedimentological analysis of bioturbated mudstones from the Middle Jurassic ore-bearing Czestochowa Clay Formation has
revealed common relics of sedimentary structures, such as thin silt/sand laminae, bedding-plane accumulations of shell de-
bris, small and medium silt-sand lenses, as well as silt-, sand- and shell-debris-rich levels, accompanied by erosion surfaces
and minor scours. These features document periodical high-energy conditions of mud deposition, including storm stirring,
event sedimentation and the activity of storm-generated bottom currents, which were responsible for sea-floor erosion and
sediment supply from shallower parts of the basin. The sea bottom was prevalently below the storm wave base, but it rose
above it during exceptionally strong storms and in the Early Bathonian zigzag chron when the basin experienced consider-
able shallowing. The shallowest and highest energy conditions occurred in the late macrescens subchron, when the bottom
was close to, or above the fair-weather wave base. The estimated depth of the sea did not exceed several tens of metres, but
in some periods it could be even less than 20 m. Based on the vertical variation of the sand, silt and clay contents, seven
transgressive-regressive cycles have been distinguished in the approximately 75 m thick succession spanning the Upper
Bajocian—Upper Bathonian. Cycles TRy, TRz:3, TRs and TRe.7 correlate with those distinguished in the coeval succession
from central Poland, although the stratigraphic position of cycle boundaries is slightly shifted. These cycles record relative
sea level changes that affected the entire Polish Basin. Regressions R, and Rg were smaller-scale-events, generated in re-
sponse to a local tectonic activity and autocyclic shoreline progradation.
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INTRODUCTION ocean floor. Several of these aspects are addressed in this pa-
per, which focuses on a Middle Jurassic muddy
epicontinental-shelf succession, referred to as the ore-bearing
Czestochowa Clay Formation. This formation, known also as
the ore-bearing clays, crops out in the central part of the
Silesian—Cracow Upland, southern Poland (Fig. 1), and con-
sists of dark grey organic-rich, calcareous mudstones, interca-

lated with siderite and calcareous concretions, and rare sand-

Sedimentological investigation of mudstones and shales is
substantially impeded by their fine grain size and resultant ho-
mogeneous appearance. Because of the lack of well-visible
sedimentary structures they have long been considered to rep-
resent the products of stable, continuous deposition in quiet

bottom-water conditions. Recent studies of modern and ancient
muddy deposits, based on the careful examination of millimetre
to centimetre-scale sedimentary structures (e.g., Pedersen,
1985; Wignall, 1989; Schieber, 1990, 1994, 1999; O’Brien,
1996), combined with laboratory investigations carried out by
Schieber and his co-workers (Schieber et al., 2007, 2010;
Schieber and Southard, 2009; Schieber and Yawar, 2009),
have proved that mud can accumulate in a wide range of envi-
ronments ranging from the high-energy nearshore to the deep
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stones (Dayczak-Calikowska and Kopik, 1973).

The mudrocks of the ore-bearing Czestochowa Clay For-
mation fall into two facies varieties, one represented by in-
tensely bioturbated mudstones, containing a diverse associa-
tion of benthic fauna, and the other composed of well-laminated
mudstones with rare benthic fauna (Leonowicz, 2012, 2013).
Because the bioturbated facies dominates in the outcrops,
there are few sedimentological accounts that are based mainly
on indistinct relicts of primary sedimentary structures (Merta
and Drewniak, 1998; Leonowicz, 2012). Hence, palaeo-
environmental interpretations of the ore-bearing clays are
based mostly on palaeontological, geochemical and petrologi-
cal investigations (for summary, see Zaton et al., 2009; Zaton,
2011). The range of inferred settings varies from a shallow to
very shallow marine (Garbowska et al., 1978; Smolen, 2006),
open marine to estuarine (Merta and Drewniak, 1998), and from
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Fig. 1A — geological map of the Silesian—Cracow Upland (after Dadlez et al., 2000, simplified) and location
of the succession studied; B — area shown on map A; C — location of the clay-pit sections on the geological
sketch map of the western part of town of Czgstochowa (after Lewandowski, 1986, modified)

an open shallow sea below the storm wave base (Gedl et al.,
2006a, b, c; Leonowicz, 2012) to the outer shelf periodically
shallowing into the high-energy subtidal environment (Zaton et
al., 2011). Gedl et al. (2012), based on micropalaeontological
and mineralogical data, suggested a water depth ranging from
several tens to a few hundred metres. The detailed
sedimentological study of the laminated mudstones led the
present author (Leonowicz, 2013) to suggest they were depos-
ited below the storm wave base from storm-generated bottom
currents, which redistributed significant amounts of sediment
from shallow-water areas.

Many authors who have studied the ore-bearing clays sug-
gest a fluctuation of depositional conditions linked to the sea
level changes. Garbowska et al. (1978) presented lithological
and micropalaeontological characteristics of two drill cores and

distinguished two cyclothems: Upper Bajocian—-Lower
Bathonian and Middle—Upper Bathonian, each recording
shallowing of the sea. Based on ammonoid diversity, Zaton
(2011) indicated three bio-events falling into the latest Bajocian,
Early Bathonian and Late Bathonian, which he related to
transgressive episodes. Gedl et al. (2012), based mainly on the
analysis of microfossils, palynofacies and sporomorphs, distin-
guished four phases of sea level rise in the Middle—Upper
Bathonian succession from Czestochowa, three in the Middle
Bathonian and one in the Upper Bathonian. In the same suc-
cession, Leonowicz (2012) noted several intervals enriched in
ammonite remains, which document periods of reduced sedi-
mentation rate. Despite the substantial progress in understand-
ing sedimentary environments, the ore-bearing clays still lack a
sufficient sedimentological background that would allow subdi-


https://gq.pgi.gov.pl/article/view/7906

Storm-influenced deposition and cyclicity in a shallow-marine mudstone succession... 327

viding the entire succession in terms of transgressive-regres-
sive cycles. The present paper partly fills this gap and provides
the results of detailed sedimentological study of the bioturbated
mudstone facies in the most completely exposed and
stratigraphically well-dated succession from the central part of
the outcrop belt.

PALAEOGEOGRAPHICAL
AND GEOLOGICAL BACKGROUND

During the Mesozoic most of the territory of Poland was part
of an extensive system of epicontinental seas, called the Cen-
tral European Basin System (CEBS), which covered a vast
area of Central Europe. In Middle Jurassic time, intense tec-
tonic activity in the North Sea area led to the internal differentia-
tion of the CEBS into a number of basins (Pienkowski et al.,
2008). The Polish Basin constituted the easternmost arm of the
CEBS, distant from the tectonically active zone and surrounded
largely by lands (Fig. 2). The important tectonic element of this
basin was a narrow, NW-SE oriented, axial zone, called the
Mid-Polish Trough (MPT). This zone experienced considerable
subsidence resulting in the accumulation of a sediment succes-
sion exceeding 1000 m in thickness (Dayczak-Calikowska and
Moryc, 1988; Feldman-Olszewska, 1997; Pienkowski et al.,
2008). Outside this zone, the thickness decreases to 300 m and
the succession reveals several hiatuses. The origin and tec-
tonic character of the MPT is not clear. Kutek (1994) defined it
as a continental rift. Dadlez et al. (1995) suggested that the de-
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Fig. 2. Palaeogeographical map of Europe in the Middle
Jurassic (modified after Ziegler, 1990)

AM — Armorican Massif, BM — Bohemian Massif, CEBS — Central
European Basin System, IBM — Iberian Meseta, IM — Irish Massif,
LBM - London-Brabant Massif, MC — Massif Central High, MCA —
Meta-Carpathian Arc, RHB — Rockall-Hatton Bank, UH — Ukrainian
High

velopment of the MPT was characterized by extensional and
compressional phases linked with the tectonic evolution of the
Tethys and the Atlantic. Dadlez (2003) explained increased
subsidence of this zone by the activity of deep-seated
sub-Zechstein faults, whose upward propagation was hindered
by the plastic nature of Zechstein salts. The boundaries of the
MPT were controlled by periodically active syndepositional
faults of limited extent that are recorded by thickness contrasts
(Feldman-Olszewska, 1997; Dadlez, 2003). Transverse faults
and movements of salt structures, leading to the differentiation
of basin bottom into several elevations and depocentres
(Dadlez, 1994; Feldman-Olszewska, 1997; Pienkowski et al.,
2008), also influenced the sedimentation.

In the Middle Jurassic, the communication of the Polish Ba-
sin with other Central European seas was limited and deposi-
tion was influenced mainly by the Tethyan regime (Pienkowski
etal., 2008). It was a time of gradual marine transgression in the
Polish Basin, interrupted by short-lived regressions and
stillstand periods (e.g., Matyja and Wierzbowski, 2006a;
Pienkowski et al., 2008). Pienkowski et al. (2008) distinguished
eight transgressive-regressive cycles in the Middle Jurassic
succession from central Poland. Transgressions entered most
probably from the south-east, through the East Carpathian
Gate (Dayczak-Calikowska, 1997) that connected the Polish
Basin with the Tethyan ocean. Initially, marine sedimentation
was limited to the MPT (Fig. 3A; Feldman-Olszewska, 1998;
Pienkowski et al., 2008). In the Early Bajocian, the sea ex-
tended outside this zone and split into two branches separated
by an elongated elevation, called the Wielkopolska Ridge
(Fig. 3A; Feldman-Olszewska, 1997). This elevation occurred
in topography as a peninsula during regressions and as a sub-
marine sill during transgressions until the Early Bathonian,
when it was finally flooded (Feldman-Olszewska, 1997). Since
that time, the sea extended gradually to the north-east and
south-west and the progress of transgression continued during
the Late Jurassic.

The Silesian—Cracow area was situated in the south-west-
ern, marginal part of the Polish Basin (Fig. 3), which belonged to
the southwestern branch of the basin in the early Middle Juras-
sic. It was surrounded by lands: Bohemian Massif, Matopolska
Land and Wielkopolska Ridge (Dayczak-Calikowska and
Moryc, 1988; Feldman-Olszewska 1997, 1998), which served
as source areas of clastic material. The position of the south-
western boundary of the basin is problematic because of the
lack of deposits that were removed during the Cenozoic, so that
the present-day western boundary of Jurassic deposits is ero-
sional. The marine transgressions most probably approached
from the Mid-Polish Through, entering the Silesian—Cracow
area from the north-east and expanded to the north-west, west
and south-east. For the first time the Silesian—Cracow region
was flooded in the Early Bajocian sauzei chron (Kopik, 1998).
After a short regression in the subfurcatum chron, the sea re-
turned to this area in the Late Bajocian garantiana chron (Kopik,
1998). Since that time, marine sedimentation lasted without sig-
nificant breaks until the end of Middle Jurassic (Barski et al.,
2004) and continued during the Late Jurassic. During the
Bathonian, after the flooding of the Wielkopolska Ridge, the sea
extended gradually towards the south-west (Fig. 3B) but proba-
bly did not flood over the Bohemian Massif until the end of Mid-
dle Jurassic (Feldman-Olszewska, 1997).

The Middle Jurassic succession of the Silesian—Cracow
area (Fig. 4) starts with Upper Bajocian sandy deposits of the
Koscielisko Beds (sauzei-humphriesianum zones), resting with
a stratigraphic hiatus on older Mesozoic rocks (Kopik, 1997,
1998). They are overlain by a thick muddy complex of the Upper
Bajocian—Upper  Bathonian  (garantiana—discus  zones)
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Fig. 3. Polish Basin during the Middle Jurassic (modified after Feldman-Olszewska, 1998) and the location of the study area

A — Early Bathonian convergens chron; B — Middle Bathonian bremeri chron

ore-bearing Czestochowa Clay Formation (Kopik, 1998; Matyja
and Wierzbowski, 2000, 2006b; Barski et al., 2004), which in
turn, passes upwards into condensed Callovian deposits
(Kopik, 1997). The thickness of ore-bearing clays reaches its
maximum value of about 200 m north of Czegstochowa (Kopik,
1997). To the south, it gradually decreases and south of
Zawiercie the ore-bearing clays wedge out and pass into vari-
ous shallow marine clastic and calcareous deposits (Kopik,
1997). The present study concerns deposits exposed in five ac-
tive clay-pits in Czestochowa: Alina, Sowa + Glihski,
Leszczynski, Gnaszyn and Anna (Fig. 1C). These exposures
span the Upper Bajocian parkinsoni zone to the Upper
Bathonian retrocostatum zone (Matyja and Wierzbowski, 2003,
2006b). However, three sections from the older part of the suc-
cession do not overlap, thus the total succession studied is not
complete (Fig. 4).

METHODS

The deposits exposed in clay-pits were examined centi-
metre by centimetre, taking into account the lithology, sedimen-
tary structures, bioturbation and benthic fauna. Special atten-
tion was paid to biodeformational structures defined as burrows
with indistinct outlines (Wetzel, 1991). They were divided into
three groups: large — structures 1 cm and more across, well dis-
cernible during outcrop examination; medium — a few milli-
metres across, also recognizable in outcrops; and small — com-
prising cryptobioturbation (sensu Pemberton et al., 2008). The
latter are too small to be visible during outcrop examination, but
they blur the boundaries of sedimentary structures, may de-
stroy thin laminae and homogenize the sediment. Among ben-
thic fauna, special attention was paid to deeply burrowing bi-

valves and their position within the sediment. Sedimentary and
biogenic structures were observed only in unweathered parts of
sections. To recognize lithological changes within the monoto-
nous mudstone succession, 68 samples were subjected to
grain-size analysis by areometry and dry sieving to evaluate the
contents of sand, silt and clay (Fig. 4). The values of bounding
sizes follow the Udden-Wentworth scale (fide McManus, 1988).

RESULTS AND INTERPRETATION

SEDIMENTARY STRUCTURES

Sedimentary structures and their relics, preserved locally in
bioturbated mudstones from Czestochowa, represent preva-
lently various kinds of horizontal lamination. Most of them were
observed also in laminated mudstones of the same formation
exposed near Zawiercie (Leonowicz, 2013). The latter serve as
a point of reference in interpretation of the origin of structures
studied, the internal features of which are partly obliterated by
benthic activity. They are described below in order from the thin-
nest and most subtle to the thickest. Their distribution in the
succession is presented in Figure 5.

PARALLEL STRIPES

Observations. On surfaces perpendicular to the bedding
planes, these appear as thin, indistinct parallel streaks, which
show subtle colour variations from dark to light grey. Light grey
stripes contain admixture of fine quartz and/or shell debiris,
whereas dark grey ones are rich in clay. On parting planes, the
stripes appear as flat, horizontally oriented patches of irregular
shape. The fabric of clay-rich mudstones consists of silt-rich
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Fig. 6. Sedimentary structures from bioturbated mudstones of ore-bearing clays

A — parallel stripes: irregular patches of dark grey mudstone within light grey shell-debris-rich background sediment; parting plane view; B —
thin silt/sand lamina: view on the upper surface cut by Chondrites (dark dots); C — medium-sized silt/sand lens: view on exposed basal part
with several dark grey clay-chips; parting plane view; A — Glinski clay-pit, B, C — Gnaszyn clay-pit; scale barin Aand B is 1 cm, scale barin C

is in centimetres (photo B by A. Uchman)

patches, usually <1 mm thick and several millimetres wide, oc-
curring within structureless clay. Deposits rich in shell debris and
sand material, contain clayey patches reaching 1-2 cm across,
appearing among coarser-grained background deposits
(Fig. 6A). Shell debris may be dispersed uniformly or concentrate
in elongated zones, several centimetres long and >1 cm wide,
which are most likely bioturbation structures. Parallel stripes oc-
cur commonly almost in the entire succession (Fig. 5), producing
an effect of the vague parallel-orientated fabric of mudstones.
This effect is often enhanced by horizontal orientation of trace
fossils, mainly Chondrites and other undetermined
biodeformational structures.

Interpretation. The fabric consisting of indistinct parallel
stripes was observed in laminated mudstones from the
Zawiercie area and interpreted as the product of moderate
cryptobioturbation of laminated deposits containing fine
silt-sand laminae (Leonowicz, 2013). It is likely that the paral-
lel-orientated fabric of mudstones from Czestochowa has a
similar origin and resulted from incomplete biogenic disruption

of primary horizontal stratification. Burrowing animals might
have various sizes, ranging from meiofauna (up to 1 mm) to rel-
atively large organisms that produced burrows >1 cm across.
Original stratification consisted, as in the Zawiercie area, of
silt-sand laminae and accumulations of comminuted shell de-
bris. The amount and thickness of these laminae varied in the
succession, resulting in a different lithology of mudstones
(clay-rich vs. shell-debris-rich and sand-rich mudstones).

SILT/SAND LAMINAE

Observations. These are thin, <1 mm thick, horizontal, dis-
continuous accumulations of quartz silt and very fine sand
(Fig. 6B). Laterally, they disappear among bioturbated zones.
The lateral extent of these laminae varies from 2 cm to several
decimetres. Silt/sand laminae are in places cut by Chondrites,
visible on parting planes as dark clayey dots in light grey back-
ground.
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Interpretation. Silt/sand laminae were commonly observed
in mudstones from the Zawiercie area. Their sharp boundaries,
lenticular shape and irregular, probably erosive bases point to
bedload transport in the form of thin starved ripples, whereas
gradational tops observed in some laminae suggest deposition
from suspension flows (Leonowicz, 2013). Based on these fea-
tures, the silt/sand laminae are interpreted as the result of de-
position by bottom flowing currents which carried suspended
sediment and reworked the bottom deposit. In bioturbated
mudstones, most of these structures were completely de-
stroyed or took the form of parallel stripes, described above.
Their preservation in some intervals, although to a limited ex-
tent, may be an effect of either a low bioturbation rate, or rapid
event deposition of relatively thick portions of mud (cf. “smoth-
ered bottom” in Brett, 1983). In the latter case, only the upper
part of the sediment is reworked, whereas the lower part re-
mains undisturbed or only slightly bioturbated so that the origi-
nal fabric is preserved.

BEDDING-PLANE ACCUMULATIONS OF SHELL DEBRIS

Observations. These are very thin, <0.5 mm thick, horizon-
tal accumulations of shell debris, consisting of fragmented
shells of different bivalves, brachiopods and, in places,
ammonites. They are well visible on parting planes, but are usu-
ally not discernible in cross-section.

Interpretation. Bedding-plane accumulations of shell de-
bris were commonly observed in mudstones from the Zawiercie
area. The convex-up orientation of bivalve shells, which is typi-
cal for material transported by traction (Middleton, 1967;
Futterer, 1978) and the presence of genera, which do not occur
in the host deposit, suggest that the material was at least partly
supplied from other settings by bottom currents (Leonowicz,
2013). These currents supplied fragmented shells from the
shallower zones of the basin and simultaneously reworked in
situ the bottom sediment, leading to formation of thin shell lags.
Thus, the shell debris accumulations, similarly as thin silt/sand
laminae, are interpreted as high-energy event deposits.

SILT/SAND LENSES

Observations. These are small and medium, flat lenses
composed of very fine sand, silt and, locally, shell debris. They
are 1-25 mm thick and up to 60 cm long. However, the original
thickness might be lower, as many of them are loaded. Some
lenses reveal parallel and low-angle laminations, enhanced by
thin clay partings. The latter are often strongly deformed by
loading. Sporadically, small clay-chips were observed in the
lower part of thicker structures (Fig. 6C). Lenses occur usually
in series and accompany relatively thick accumulations of sand
and shell debris, described below.

Interpretation. The silt/sand lenses are interpreted as a re-
sult of relatively abundant supply of sediment that was trans-
ported in the form of small ripplemarks by bottom currents car-
rying simultaneously fine particles in the suspension (cf.
Leonowicz, 2013). Traction transport is supported by the lentic-
ular shape, sharp boundaries and internal structure of lenses,
including cross-lamination and parallel to low-angle inclined
lamination. The grain-size gradation in the topmost parts of
some lenses and the occurrence of graded rhythmites with
sand lenses at the base — both features observed in laminated
mudstones (Leonowicz, 2013) — indicate that ripple migration
was followed by sedimentation of the suspension. The deposi-
tion of sand was preceded by the erosion of muddy bottom, as
indicated by the occurrence of clay-chips in the bottom parts of
some lenses. The good preservation of lenses in strongly

bioturbated deposits may reflect either rapid sedimentation, or
preference of burrowing animals not adapted for burrowing in
the sandy substrate.

SILT-, SAND- AND SHELL-DEBRIS-RICH LEVELS

Observations. These horizons, up to 6 cm thick and at
least 6 m wide, contain relatively large amounts of sand, silt
and/or shell debris (Fig. 7). Coarse-grained material forms se-
ries of lenses, parallel stripes and thin layers, up to 2 cm thick, in
which detrital quartz and bioclasts may be mixed together or
form separate accumulations. Based on the composition, three
types of coarse-grained levels may be distinguished:

1. Fine sand and silt accumulations — horizons of elongated
lenses, stripes and thin layers, composed of quartz grains with
subordinate admixture of small bivalve shells. Lenses are com-
monly loaded. Thin layers reveal fine parallel lamination en-
hanced by thin clay laminae (Fig. 7A). Despite partial
bioturbation, lamination is usually well visible. In the lower parts
of some accumulations, small clay-chips are present. Sand and
silt-rich levels occur in the middle part of the Sowa + Glinski sec-
tion, in the upper part of the Leszczynski section and in the low-
ermost part of the Gnaszyn section (Fig. 5).

2. Shell debris accumulations — horizons of elongated
lenses and thin layers, composed of fragmented and
comminuted shells of various bivalves, brachiopods and
ammonites. Shell debris is mixed with well-preserved, although
usually disarticulated valves of small bivalves (mainly nuculoids
and astartids), which may be in a convex-up as well as in a con-
vex-down position. In places, well-preserved small snails also
occur. Wood fragments are also common in the shell debris ac-
cumulations. Coarse-grained horizons of this type occur in the
middle part of the Sowa + Glinski section (Fig. 5).

3. Sand, silt and shell debris accumulations — horizons rich
in shell debris and disarticulated valves of small bivalves, mixed
with fine sand and silt. These levels are usually accompanied by
series of sand/silt lenses and stripes, underlying and/or overly-
ing the main horizon. One of such accumulations, in the
Gnaszyn section, reveals indistinct cross-lamination, consisting
of silt-, sand- and shell-debris-rich laminae alternating with thin-
ner clay laminae (Fig. 7B). In the bottom part of this level, shells
of small bivalves are in the convex-down position, whereas in
the upper part they are in a preferred convex-up position
(Fig. 7C). Sand, silt and shell debris accumulations occur in the
upper half of the Sowa + Glinski section and in the lower part of
the Gnaszyn section (Fig. 5).

Interpretation. Levels rich in sand, silt and shell debris re-
cord an exceptionally abundant supply of coarse-grained mate-
rial combined with the reworking and winnowing of bottom sedi-
ment by bottom currents, which might be accompanied in some
cases by wave stirring. The bedload transport is supported by
the presence of sand/silt lenses within these horizons, discrete
cross-lamination observed in the level from the Gnaszyn sec-
tion and the convex-up position of bivalve shells (Futterer,
1978). Parallel lamination from sand/silt-rich levels could result
from either simultaneous transport of silt, sand and flocculated
clay as a bedload (Schieber et al., 2007; Schieber and Yawar,
2009), or deposition from suspension (Reineck and Singh,
1972). The preferential convex-down position of shells in some
horizons is typical of settling from suspension (Futterer, 1978)
and may record either rapid deposition from suspension
(Middleton, 1967) or temporal resuspension by gentle wave stir-
ring (Brett and Allison, 1998). The small clay-chips occurring in
the bottom parts of some quartz-rich accumulations indicate
that deposition of coarse-grained sediment was preceded by
erosion of the bottom, caused probably by the same currents
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Fig. 7. Sedimentary structures from bioturbated mudstones of ore-bearing clays

A —fine sand and silt accumulation: fine parallel lamination consisting of alternating quartz and clay laminae; view perpendicular to the bed-
ding; B — sand, silt and shell debris accumulation: in the upper part indistinct cross-lamination occur that consists of light grey coarse-grained
laminae alternating with dark grey clay laminae alternating with dark grey clay laminae; the simplified scheme below the photo highlights lam-
ination; view perpendicular to the bedding; C — the upper part of the accumulation shown on B: shells of small bivalves are in the preferred
convex-up position; parting plane view; A — Leszczynski clay-pit, B, C — Gnaszyn clay-pit; scale baris 1 cm

that were responsible for sand supply. Rapid deposition of a rel-
atively thick portion of sediment protected the silt, sand and
shell debris horizons from complete bioturbation and resulted in
their good preservation.

EROSIONAL FEATURES

Distinct erosional structures are scarce in the studied de-
posits. This results from monotonous development of
mudstones and their strong bioturbation rather than the actual
absence of erosion. The best evidence of significant winnowing
and erosion in the bottom environment comes from the com-
mon occurrence of exhumed, deeply burrowing bivalves.

EXHUMED BURROWING BIVALVES

Observations. The studied deposits reveal rich benthic
fauna, predominantly bivalves, representing different life habits
(Pugaczewska, 1986; Kaim and Sztajner, 2012). The important
components of the benthic association are deeply burrowing bi-
valves, represented by the genera Pleuromya, Pholadomya,
Goniomya, Cercomya and Thracia. They usually occur in life
position (Fig. 8A), although specimens lying flat on parting
planes are also common (Fig. 8B). They are preserved as artic-
ulated specimens with closed valves, or in a “butterfly position”
that points to the lack of or a very short transport. Exhumed
deep-burrowing bivalves were observed throughout the entire
succession, although their frequency changes in the profile
(Fig. 5).

Exhumed shallow-burrowing bivalves are also common.
Disarticulated shells of small bivalves, including nuculoids and
astartids, occur in the shell debris accumulations discussed in

the previous paragraph. The other example is semi-infaunal
Pinna which, in some cases, sticks in the mud in life position,
whereas in other places it lies flat on parting planes and is pre-
served as articulated or broken specimens.

Interpretation. The mode of the occurrence of infaunal bi-
valves suggests their in situ exhumation. As their shells are not
associated with residual accumulations of sand, silt and shell
debris, it seems that the sediment, in which they were originally
buried, had to be removed by bottom flows, not simply resettled
from the suspension. Considering that modern bivalves may
burrow as deeply as 30 cm below the sea-floor (Stanley, 1970;
Kondo, 1987), the depth of this erosion might be significant. The
exhumed shallow-burrowing bivalves may record less intense
erosion than that inferred from the deep-burrowing ones. How-
ever, the weak fragmentation of the Pinna specimens suggests
a short-distance transport of their large shells, which indicates
relatively high current strengths.

EROSIONAL SURFACES

Observations. The only distinct erosional surface was ob-
served in the upper part of the Gnaszyn clay-pit (Fig. 5) at a
level of few isolated sandy lenses, up to 6 cm thick, which repre-
sent the fill of small erosional scours (Fig. 8C). The sand lenses
show horizontal lamination enhanced by thin clay partings.

Interpretation. The erosional surface is interpreted as a re-
sult of relatively strong erosion of the sea-floor (cf. Leonowicz,
2012). The scours were cut by channelised flow and subse-
quently filled with sand carried together with clay within the
same flow. The sharp boundaries of the scours indicate cutting
into the cohesive muddy bottom, thus the erosion was deeper
than that inferred for the exhumed bivalves.
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Fig. 8. Erosional features from bioturbated mudstones of ore-bearing clays

A, B — deeply burrowing bivalves: A — Pholadomya in life position; view perpendicular to the bedding planes; B — Pleuromya lying flat on a
parting plane; C — erosional scour in mudstone, filled with fine-grained sand: horizontal lamination enhanced by thin clay coatings; view per-
pendicular to the bedding planes; A, C — Gnaszyn clay-pit, B — Anna clay-pit; A, B —scale bar is in centimetres, C — scale bar is 5 cm (photo C

by A. Uchman)

GRAIN-SIZE COMPOSITION

Observations. Mudstones exposed in Czestochowa repre-
sent silty claystones and clayey siltstones locally containing sig-
nificant admixtures of sand (Fig. 9). The content of clay varies
from 23 to 71%, silt — from 26 to 53% and sand — from 2.5 to
40%. The vertical distribution of grain-size is presented on Fig-
ure 5. The highest proportion of clay occurs in the Upper
Bajocian deposits (Alina section), where it does not fall <50%.
The highest content of sand, >30%, is in the Middle and Upper
Bathonian mudstones (upper parts of the Gnaszyn and Anna
sections). The sand, silt and clay contents changes also later-
ally, however, the general trends in contemporaneous succes-
sions are consistent.

Interpretation. Sedimentological analysis of the ore-bear-
ing mudstones from the Zawiercie region shows that most of
the sediment was derived from the nearshore area by offshore
currents (Leonowicz, 2013). In the deposits from Czestochowa,
most of the primary sedimentary structures were obliterated by
bioturbation, which led to mixing of sand and silt grains derived
from the event laminae, with the clayey background. In this con-
text, the clay-silt-sand proportions may be treated as a proxy for
the original amount and thickness of event silt-sand laminae.

SHELL DEBRIS CONTENT

Observations. Shell debris is the common constituent of
deposits studied. It consists of fragmented and comminuted
shells of bivalves, brachiopods and ammonites. Apart from the
bedding-plane accumulations, it is randomly dispersed
throughout the mudstones, or concentrated in bioturbational
structures. The amount of shell debris changes both vertically
(Fig. 5) and laterally, and these changes show no clear corre-
spondence to the fluctuating sand, silt and clay contents.

The middle and upper parts of the Sowa + Glinski section, in
which bioclastic material is exceptionally abundant (Fig. 10A),
deserve special attention. The rock consists of fragmented and
comminuted shells of bivalves (i.a. common oysters) and rare
ammonite fragments, all mixed with well-preserved, although
disarticulated shells of small bivalves and crinoids. The latter
are especially abundant in the uppermost part of the section
(Figs. 5 and 10B). All this skeletal material is bound by muddy
matrix. Shell debris tends to show a patchwork distribution,

CLAY

CLAYEY
SAND

SAND SILT

Fig. 9. Classification of ore-bearing mudstones from
Czestochowa based on the clay, silt and sand contents

Nomenclature after Shepard (1954)
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Fig. 10. Skeletal mudstones from the upper part of the Sowa + Glinski section

A — elongated clay-chip (arrow) within shell-debris-rich background; B — skeletal mudstone composed of abundant crinoids (cut surface
of sample stabilized in polyester resin); A — scale bar is in centimetres, B — scale bar is 5 mm

where zones rich in shell debris, up to several centimetres in
thickness and a few metres in length, alternate with zones im-
poverished in skeletal material. In places, flat elongated
clay-chips, up to 3 cm long and 4 mm thick, were observed
(Fig. 10A). Skeletal mudstones are strongly disturbed by large
biodeformational structures.

Interpretation. In laminated mudstones from the Zawiercie
region, fragmented and comminuted shells are the common
component of event laminae (Leonowicz, 2013). Thus, similarly
to the grain-size composition, the shell debris content appears
to approximate the amount of bioclastic material derived from
shallower parts of the basin. However, unlike the detrital quartz
grains, the source area of shell debris might be not only the
shallow nearshore zone, but also intrabasinal elevations inhab-
ited by benthic fauna. This diversification of source areas ex-
plains well the difference between fluctuation trends of shell de-
bris content and the sand, silt and clay proportions.

DISCUSSION

SEDIMENTARY ENVIRONMENT

The similarity of sedimentary structures from the studied
deposits to those described from the laminated mudstones in
the Zawiercie area (Leonowicz, 2013) suggests common caus-
ative processes. These involved near-bed suspension cur-
rents, which reworked bottom sediment and transported the
coarsest material as a bedload (Leonowicz, 2013). Deposition
from suspension flows is supported by the presence of several
features, such as graded laminae, laminae with sharp bottom
and gradational upper contacts, fine parallel lamination and
graded rhythmites. Evidence of traction transport includes flat
silt-sand lenses showing cross-lamination and low-angle lami-
nation, whereas the inversely graded laminae and sharp-
bounded silt-sand laminae reflect the current reworking of bot-
tom sediment, linked with the winnowing of fine particles
(Leonowicz, 2013). Such a mode of origin allows interpreting
the coarse-grained laminae as event deposits, which record
high-energy episodes interrupting quiet background sedimen-
tation from suspension. These episodes might be linked with
different processes, including storm-generated offshore cur-

rents, turbidity currents and hyperpycnal flows maintained by
waves and tides. The occurrence of turbidites (sensu Seilacher,
1991) in a shallow epicontinental sea is little probable, as their
generation needs slopes steep enough to support auto-
suspension. They are common on continental slopes, but not
on gently inclined shelf platforms. Thus, the origin of the
coarse-grained laminae can be linked with storms and tides.
Both can generate low-density suspension currents, which pro-
duce sequences of structures similar to those reported from
fine-grained turbidites (e.g., Stow and Shanmugam, 1980; Hill,
1984; Stow and Piper, 1984; Pedersen, 1985; Myrow, 1992)
and observed also in the deposits studied. If delivery of
fine-grained sediment to the nearshore zone is high, storms
and tides can also generate wave- and current-supported den-
sity flows, which carry suspended sediment in the form of fluid
mud layer (Wright and Friedrichs, 2006). Such hyperpycnal lay-
ers are commonly observed in modern shelf environments and
are the important mechanism of sediment redistribution from
the inner shelf to the mid- and outer-shelf zones. According to
Schieber and Yawar (2009), the lower portion of the fluid mud
layer is transported as a bedload, whereas the upper one
moves as a mud-rich suspension. The set of sedimentary struc-
tures from laminated mudstones in the Zawiercie area, espe-
cially cross-lamination observed in mud layers, indicates that at
least part of the muddy sediment was transported by traction
(Leonowicz, 2013). Thus, it is likely that besides the low-density
suspension currents, such wave- and current-supported den-
sity flows might have played an important role in deposition of
ore-bearing clays (cf. Leonowicz, 2013). Taking into account
the random distribution of the coarse-grained event laminae in
mudstones, it is more likely that their origin was linked with
storm episodes rather than with tides, which are the cyclic phe-
nomenon and would result in more regular alternations of fine-
and coarse-grained deposits. This, however, does not exclude
the occurrence of tides in the basin and their contribution to the
resuspension of sediment in the nearshore area.

Thicker accumulations of coarse-grained material, such as
silt-, sand- and shell-debris-rich levels, not observed in the lami-
nated mudstones, also reveal features suggesting their storm
origin. Sedimentary structures, such as sand/silt lenses, dis-
crete cross-lamination and the convex-up position of bivalve
shells, point to deposition by bottom currents, preceded by ero-
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sion marked by clay-chips. The episodes of deposition might be
followed, in some cases, by wave reworking, which is sug-
gested by the convex-down position of shells. Alternatively, this
feature might result from the rapid deposition from suspension,
suggesting that bottom currents would have a complex charac-
ter: in the lower part, the sediment would be transported as a
bedload, in the upper one — as a suspension. The bimodal sort-
ing of skeletal material points to its mixed origin, i.e. the deriva-
tion of comminuted shells from shallow parts of the basin and in
situ reworking of well-preserved valves of small bivalves, which
could be eventually transported for a short distance. Such com-
position of shell beds, combined with features recording cur-
rents activity, is characteristic of tempestite concentrations
(Fursich and Oschmann, 1993) and suggests that the levels
rich in sand, silt and shell debris represent storm-event depos-
its. Similar interpretation was proposed by Leonowicz (2012) for
the sand, silt and shell debris accumulations from the Gnaszyn
clay-pit, and by Merta and Drewniak (1998) for the coarse-
grained horizon from the Kawodrza clay-pit, interpreted as a
storm lag deposit.

Skeletal mudstones from the Lower Bathonian convergens
and macrescens subzones record the most abundant and pro-
longed supply of shell debris. They contain comminuted
bioclastic material mixed with well-preserved bivalve shells.
Such composition is characteristic of proximal tempestites and
storm wave-base concentrations (Fursich and Oschmann,
1993), reflecting derivation of fine shell debris from the zone
above the fair-weather wave base combined with the reworking
of bivalves at the depositional site. The high-energy conditions
that accompanied deposition of skeletal mudstones are sup-
ported by the occurrence of clay-chips resulting from eroded
semiconsolidated muddy bottom. Taking into account the rela-
tively large thickness of skeletal mudstones (>2 m), these de-
posits may be interpreted as amalgamated storm beds that ac-
cumulated above the storm wave base. The highest energy
conditions are recorded in the uppermost part of the section,
containing skeletal mudstones with abundant crinoids. These
deposits resulted from the prolonged reworking in a high-en-
ergy environment, which enriched the sediment with the most
resistant elements and eliminated more fragile fragments (cf.
Jennette and Pryor, 1993). It is possible that they accumulated
close to, or above, the fair-weather wave base.

The common occurrence of storm-event deposits through-
out the succession studied points to relatively high-energy con-
ditions prevailing in the basin and suggests that the sedimenta-
tion was dominated by storms. The lack of parallel-ordered fab-
ric in some intervals seems to be the result of intense
bioturbation rather than its initial absence. Although storm pro-
cesses affected the sea bottom throughout the time of deposi-
tion, their intensity was variable and resulted in the different
thickness and types of event laminae. The thin silt/sand
laminae, parallel stripes from clay-rich mudstones and bed-
ding-plane accumulations of shell debris appear to record the
weakest storm influence. More intense storm influence resulted
in the deposition of silt/sand lenses and parallel stripes present
in the shell debris- and sand-rich mudstones. Still stronger pro-
cesses led to the accumulation of silt-, sand- and shell-de-
bris-rich levels. The highest energy conditions were recorded
by thick beds of skeletal mudstones, which record the periods
when the wave base reached the bottom at depositional site.

The intensity of storm processes depends on atmospheric
conditions and basin’s depth. The other factors influencing
composition of storm-event deposits are the distance of
depositional site from the source of coarse-grained material de-
rived mainly from the nearshore, as well as the initial composi-
tion of sediment accumulated in the shallow water zone. The

latter may be influenced by climate, determining weathering
type, which in turn affects the mineral composition and amount
of material supplied by rivers. The Middle Jurassic climate in
Europe was warm, humid and subjected to insignificant fluctua-
tions during the Bajocian—Bathonian period (e.g., Hallam, 1985,
2001; for summary see Pienkowski et al., 2008). Thus, the cli-
matic factor is unlikely to have affected significantly the compo-
sition of event deposits, which would then reflect mainly the in-
tensity of storm processes and the proximity of depositional
site. According to these assumptions, intervals abounding in
thick event beds would record deposition in shallow and rela-
tively proximal locations, whereas those containing only the
relicts of thin event lamination would reflect deeper, distal set-
tings. In the bioturbated units of the ore-bearing clays, event
laminae were destroyed by bioturbation and mixed with the
background clay-rich deposit, but the original amount and thick-
ness of them are now reflected by the grain size of mudstones.
Generally, the high content of sand and silt in the deposits sug-
gests relative proximity of the shoreline during the time of depo-
sition. However, the varying sand, silt and clay ratio points to the
fluctuation of the shoreline position and creates the basis for
distinguishing seven transgressive-regressive cycles in the
succession (Fig. 5). They are discussed in detail in the next sec-
tion. It should be noted that the fluctuation of the shoreline posi-
tion is not identified here with eustatic sea level changes. As
many authors already emphasized, shoreline shifts can also re-
sult from a changing sediment supply and varying accommoda-
tion due to regional tectonic processes (e.g., Hallam, 1988;
Posamentier et al., 1988).

The water depth may be determined only approximately be-
cause of the scarcity of well-preserved bathymetric indicators.
The lack of structures of wave origin in most event deposits
suggests that the bottom was prevalently below the storm wave
base. The sediment resuspended by storm waves in the
nearshore zone was redistributed offshore by gradient currents
and finally deposited below the storm wave base. It might get
above this level during exceptionally strong storms and during
periods of significant shallowing of the basin, recorded by skele-
tal mudstones and horizons rich in silt, sand and shell debris.
However, the bathymetric location of depositional setting below
the storm wave base does not necessarily mean that the sea
was deep. Studies of modern and ancient marine deposits have
shown that in enclosed epeiric seas, the average effective
storm wave base usually does not exceed 30 + 10 m and in
shallow siliciclastic basins it may shallow even to 15 + 5 m
(Immenhauser, 2009). Because in the Middle Jurassic the
Silesian—Cracow region was situated in a marginal part of the
Polish Basin, it may be inferred that the basin depth in the study
area generally exceeded 20 m, but periodically it might be shal-
lower.

The important feature of the sedimentary environment of
the ore-bearing clays was the occurrence of recurrent, short ep-
isodes of erosion. Merta and Drewniak (1998) and Zaton et al.
(2011) suggested that some siderite horizons might have devel-
oped along erosional surfaces. The present study shows that
the erosion of bottom sediment was more common, although it
affected mainly the uppermost, soft part of sediment column
and hence, it is difficult to detect. The frequency of the occur-
rence of erosional surfaces, based mainly on the exhumed bi-
valves, may be significantly underestimated, as the total
amount of benthos in the succession strongly depends on
changing environmental conditions. Thus, many episodes of
erosion might have not been recorded due to the scarcity of bur-
rowing bivalves. Despite that, erosional surfaces occur com-
monly throughout the succession. This indicates that it is con-
siderably incomplete, although deep erosion was rather rare. It
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is therefore likely that this part of the basin was situated preva-
lently in the bypass zone or, during the periods of shallowing, in
a more proximal zone, from which sediment was periodically
washed away during storms. Deposition took place mainly dur-
ing waning stages of storms and in the fair-weather conditions.
The variable intensity of erosional processes explains well the
origin of intervals with common ammonites, suggesting a de-
crease in sedimentation rate. They probably reflect more inten-
sive erosion and sediment winnowing, rather than decreased
sediment supply.

The long-lasting periods, characterized by predominance of
erosion, are recorded by horizons of hiatus concretions, re-
ported by Zaton et al. (2011) from six exposures of ore-bearing
mudstones. Such concretion horizons have not been identified
in the coeval strata studied here (Fig. 11). The only exception is
the Gnaszyn clay-pit, in which Zaton et al. (2011) observed few
isolated concretions lying on the clay-pit floor. However, their
stratigraphic position has not been established and no hiatus
horizon has been found by the present author in this exposure.
Thus, it seems that the rate of sedimentation was significantly
decreased only in some parts of the basin and, as a result, the
horizons of hiatus concretions are now of a local extent. Ac-
cording to Fursich et al. (1992), the formation of this type of con-
cretions requires simultaneous current reworking and reduced
sedimentation rate. It is likely that the hiatus horizons from the
Silesian—Cracow area could be linked with intrabasinal swells,
where the sedimentation rate was lower and the erosion more
intensive than in the intervening lows. The association of hiatus
concretions with short-lived bottom elevations, forming due to
the syndepositional tectonics, was reported by Wetzel and Allia
(2000) from the Middle Jurassic of Switzerland. Differentiation
of the sea-floor into swells and depressions, resulting from salt
movements and syndepositional faults, is a phenomenon
known from the epicontinental basin of Poland (e.g., Dadlez,
1994; Feldman-Olszewska, 1997). On a smaller scale, it was
also postulated for the southern part of the Middle Jurassic Pol-
ish Basin, based on the differences in sediment thickness and
the occurrence of neptunian dykes (Barski, 1999, 2012b).

TRANSGRESSIVE-REGRESSIVE CYCLES AND DEPOSITIONAL HISTORY

As was mentioned above, the interpretation of transgres-
sive-regressive (T-R) cycles is based on the grain-size variation
of mudstones and the contents of sedimentary structures
(Fig. 5). Typical T-R cycle consists of a transgressive interval
showing upward increase of clay and decrease in sand content,
followed up by a regressive interval showing an upward oppo-
site textural trend. It should be stressed that the absolute values
of clay, silt and sand contents may vary laterally in coeval de-
posits in response to changing depositional conditions; how-
ever, vertical grain-size trends remain unchanged (Fig. 5; cf.
Leonowicz, 2012). The contents of particular grain-size classes
may also differ between equivalent parts of subsequent cycles
(transgressive and regressive intervals) as a result of a different
range of particular transgressions (cf. Feldman-Olszewska,
1998). Other sediment features, such as horizons of hiatus con-
cretions, ammonite occurrences, erosional structures and
coarse-grained levels, cannot be clearly linked in terms of fre-
quency of occurrence with any specific parts of T-R cycles. For
example, horizons of hiatus concretions often accompany
progress and maximum of transgressions, but they can also oc-
cur in regressive intervals (Fig. 11). Silt-, sand- and shell-de-
bris-rich levels may accompany late phases of regressions, but
they can also occur in transgressive parts (Fig. 5).

The dating of cycles boundaries is based on high-resolution
ammonite biostratigraphy (Matyja and Wierzbowski, 2000,
2003, 2006b; Fig. 5). The thicknesses of T-R cycles range from
9to 22 m, however, these values are only approximate, as most
of cycles include unexposed intervals of unknown thicknesses
(Fig. 5). There are also intervals lacking precise age determina-
tion that impedes correlation of sections and credible assess-
ment of the cycle thickness (e.g., TR, cycle in the Leszczynski
and Gnaszyn sections).

The oldest deposits of the Middle Jurassic succession, ex-
posed in the Czestochowa region, are of Late Bajocian age
(parkinsoni chron; Matyja and Wierzbowski, 2000). They record
a progress of transgression T+, which is reflected by the upward
increasing clay content (Fig. 5). According to Feldman-
Olszewska (1998), the Polish Basin expanded at that time to
the west and south-west and covered the vast area of the Polish
Lowlands. At its maximum extension, the sea flooded almost
the whole Wielkopolska Ridge. The progress of the transgres-
sion and turnaround to the following regression in the
Silesian—Cracow region is accompanied by the formation of hia-
tus concretions, described by Zaton et al. (2011) from the
Wielun area (Fig. 11). The concretions probably record the pe-
riod, in which the bottom was situated in the bypass zone. The
decrease of sedimentation rate promoted also the growth of
isolated oyster “reefs”, reported by Matyja and Wierzbowski
(2000) from deposits somewhat older than these exposed in the
Alina clay-pit. The maximum of the transgression falls within the
early bomfordi subchron (Fig. 5) and is followed by a short-last-
ing episode of the immigration of Tethyan ammonoids (Zaton,
2011; Fig. 11). During the parkinsoni chron, strongly condensed
shallow-marine deposits formed in the Zawiercie area (in
Blanowice and probably in Ogrodzieniec — Zaton et al., 2012;
Fig. 11). This area was located in the southern periphery of the
basin adjacent to the Matopolska Land (Dayczak-Calikowska
and Moryc, 1988; Feldman-Olszewska, 1998).

Subsequent regression R; is recorded by a significant in-
crease in the sand content (Fig. 5). According to
Feldman-Olszewska (1998), the southwestern boundary of the
Polish Basin retreated at that time to the north-east, exposing
the Wielkopolska Ridge (Fig. 3A). The Silesian—Cracow region
was then separated from the rest of the Polish Basin by a penin-
sular area of this ridge that continued further to the south-east
as a submarine elevation. The maximum regression falls at the
end of the bomfordi or the beginning of the convergens
subchron (Fig. 5) and was associated with the beginning of sed-
imentation of shell-debris-rich deposits. The emergence of the
Wielkopolska Ridge resulted in the development of an elon-
gated nearshore shoal that, together with the coastal zone of
the Matopolska Land, supplied biogenic material to the sedi-
mentary basin. Simultaneously, the shallowing of the sea led to
expansion of intrabasinal shallows, favouring the development
of benthic community that also supplied bioclastic debris. The
lowermost shell-debris-rich level occurring below siderite hori-
zon D in the Sowa + Glinski section marks the lower boundary
of the first skeletal mudstone complex. It is likely that this level
represents a regressive lag, resulting from the reworking and
winnowing of the bottom sediment, which approached close to
the storm wave base. The overlying skeletal mudstones record
deposition in relatively shallow, high energy conditions, proba-
bly within the range of storm waves.

A similar type of deposition continued also during the begin-
ning of transgression T, recorded by the significant decrease in
the sand content (Fig. 5). The expansion of the sea coincides
with the deposition of condensed, oncoid-bearing calcareous
deposits in the peripheral part of the basin (Ogrodzieniec near
Zawiercie, Zaton et al., 2012). Although biostratigraphic dating
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of these rocks is not precise (parkinsoni-macrescens
subchrons), Zaton et al. (2012) suggest that they originated in
the Early Bathonian. This age determination is consistent with
the postulated maximum of the transgression that falls in the
mid-macrescens subchron. The high content of shell debris dis-
persed in the mudstones and the occurrence of shell-de-
bris-rich levels point to the continual supply of bioclastic mate-
rial, linked with the proximity of shallow-water zone. It seems
that the transgression led to the landward shift of shoreline, but
not to a significant deepening in the offshore area. The source
area of biogenic material was still a shallow-water zone adjoin-
ing the Matopolska Land as well as intrabasinal shallows. The
flooding of the Wielkopolska Ridge, suggested by Feldman-
Olszewska (1997), might even widen the area of shallow-water
biogenic sedimentation, resulting in a plentiful supply of shell
debris.

Regression R, began in the mid-macrescens subchron and
is recorded by the significant increase in sand content accom-
panied by especially abundant shell debris supply (Fig. 5). The
increase in sand content suggests shortening of the distance
from the shoreline, whereas the occurrence of skeletal
mudstones rich in crinoids points to the shallow-water environ-
ment, in which the bottom was recurrently reworked by waves.
A more detailed reconstruction of regression R; is impeded by
the lack of exposures. However, it seems that this interval re-
cords the shallowest and the most proximal depositional envi-
ronment in the entire succession studied.

The oldest deposits overlying this regressive interval are of
the Early Bathonian age (yeovilensis subchron — Matyja and
Wierzbowski, 2000) and may represent either the late phase of
transgression T3, the beginning of which falls on the unexposed
part of the succession, or the early phase of regression R3
(Fig. 5). The clay, silt and sand content in the lowermost part of
the Leszczynski section is similar to that in the preceding re-
gression R, and points to a similar distance from the shoreline.
The simultaneous decline of shell debris may reflect either an
increase in fine-grained sediment supply, suppressing biogenic
sedimentation, or the sinking of intrabasinal shoals. The first
option is hardly probable. Increased sediment supply may be
caused by either climate change or tectonic uplift in the hinter-
land. However, the climate during the studied period was rela-
tively constant and the similarity of grain-size composition be-
tween the sediment in question and the underlying deposits
rules out a tectonic trigger. Thus, the most likely explanation of
the shell debris decline is the one assuming sinking of
intrabasinal shoals. This sinking was likely caused by differen-
tial subsidence of the Silesian—Cracow region rather than the
regional sea level rise in the whole basin and resulted in the lo-
cal deepening of the bottom beyond the range of storm waves.
By analogy to this event, the preceding period of bioclastic de-
position during regression R, might be linked with a tectonic up-
lift in the source area (i.e. south part of the Wielkopolska Ridge)
rather than with a basinwide sea level fall. Based on differences
in sediment thicknesses, Feldman-Olszewska (1997) postu-
lated tectonic activity in the southeastern part of the
Wielkopolska Ridge during the Aalenian and Bajocian. The
overall cessation of this activity in the Early Bathonian does not
preclude prolonged local tectonic movements. Assuming such
interpretation, the increase of sand content during regression
R, would then result from the enhanced sediment supply
caused by tectonic uplift of the south part of the Wielkopolska
Ridge and not from the regional sea level fall in the entire basin.
Thus, the R, interval may be interpreted as an event of limited
extent, combining local tectonics and shoreline progradation
that locally interrupted the progress of a regional transgression
(T2 + T3; Fig. 11).

The increase in sand content taking place in the yeovilensis
subzone (Fig. 5) records regression Rs;. The late phase of this
regression in the Czestochowa region is accompanied by fre-
quent ammonite occurrences resulting from the decreased sed-
imentation rate. Sedimentation slowdown was caused most
probably by the more intense scouring of the bottom not com-
pensated by sediment supply that was less abundant at that
time than in the early zigzag chron. The decreased (compared
with regression Ry) supply of terrestrial material can be linked to
a diminishing of the source area, caused by the flooding of the
Wielkopolska Ridge. The maximum of regression R; falls into
the early tenuiplicatus chron (Fig. 5).

Transgression T4 began in the tenuiplicatus zone (Fig. 5).
The occurrence of several silt and sand-rich levels in this part of
the succession indicates that, despite the transgression prog-
ress, the site’s distance from the shoreline was still relatively
short. The good preservation of these levels and other event
laminae, which commonly occur in the uppermost part of the
Leszczynski section, results from the incomplete bioturbation of
mudstones by small and medium-sized animals. The early
stage of transgression T, coincides with the bio-event of prolif-
eration of a dimorphic pair of the ammonoid Asphinctites
tenuiplicatus (Fig. 11), described by Zaton (201 1) who links this
event with the eutrophication of sea water during transgression.
According to Feldman-Olszewska (1998) and Pienkowski et al.
(2008), the sea expanded at that time far to the southwest and
for the first time encroached onto the East European Platform.
Dating of the transgression maximum is impossible at the mo-
ment. It falls to the uppermost part of the Leszczynski section
and lowermost part of the Gnaszyn section, the age of which
ranges from the upper tenuiplicatus to lower subcontractus
zones, but has not been yet precisely determined. The correla-
tion of these two sections, presented in Figure 5, is based on
the grain-size trend and, as such, is provisional and has no
stratigraphic value. The transgression maximum is probably re-
corded by the clayey-sandy deposits with oncoids, which origi-
nated in the Zawiercie region at the periphery of the basin
(Zaton et al., 2012; Fig. 11). However, the Bajocian—Lower
Bathonian part of the succession from Zawiercie is strongly
condensed and incomplete. The possible age of oncoids, in-
ferred from the associated ammonite fauna, spans the
tenuiplicatus to subcontractus zones and does not help to date
the maximum of transgression.

The significant increase in sand content is a record of re-
gression R, (Fig. 5). The beginning of the regression is difficult
to determine (see discussion above) and falls in the period from
the tenuiplicatus to subcontractus chrons. Its maximum took
place in the late subcontractus or early morrisi chron. The oc-
currence of silt, sand and shell-debris-rich levels below and
above the N siderite horizon reflects increased supply of coarse
material, accompanying the progress of the regression. Good
preservation of these horizons results from the incomplete
bioturbation of the mudstone, probably linked with episodic de-
position of thick sediment blankets. The relatively thick
coarse-grained levels, deposited in the late phase of the regres-
sion (above the N siderite horizon), may represent regressive
lags accumulated as a result of prolonged reworking of the sedi-
ment by bottom currents and storm waves. The activity of the
former is confirmed by indistinct cross-lamination observed in
the lowest level (Figs. 5 and 7).

Transgression Ts began in the late subcontractus or early
morrisi chron and lasted until the early bremeri chron (Fig. 5). At
that time, the continuous sedimentation of typical dark grey
mudstones began in the Zawiercie area (Zaton et al., 2012). It
persisted until the end of the Bathonian and passed gradually
into Callovian sandy-calcareous sedimentation (Barski et al.,
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2004). The progress of transgression Ts in the Silesian—Cracow
region was accompanied by frequent ammonite occurrences
(Fig. 5). These resulted from the more intensive scouring of the
bottom caused possibly by its transition into the bypass zone.
The reworking and erosion of the bottom sediment led also to
the formation of hiatus concretions described by Zaton et al.
(2011) from Bugaj near Czestochowa (Fig. 11). The age of
these concretions was determined as the subcontractus or
morrisi chron. However, considering that the erosion was much
more intense in the morrisi chron, it is likely that hiatus horizons
also formed at that time. The late phase of transgression Tsand
the early phase of next regression are characterized by the lack
of detectable erosional surfaces (Fig. 5). It is possible that the
growing distance from the shoreline led to the passage of the
bottom from the bypass zone to more distal position, in which
the sediment brought from the nearshore was deposited. The
weakening of erosional processes and accumulation of the sig-
nificant amount of sediment derived during storms resulted in
increased sedimentation rate and more complete preservation
of this part of the succession.

Regression Rs began in the early bremeri chron and
achieved its maximum during the late bremeri chron (Fig. 5).
The progress of the regression as well as the beginning of the
next transgression in the Silesian—Cracow region are accompa-
nied by frequent intervals with common ammonites, which sug-
gest that the sea bottom was subjected again to sediment by-
pass (Fig. 5). At that time, subsequent horizons of hiatus con-
cretions formed (Zaton et al., 2011; Fig. 11). Although they
were found in other exposures (in the Zawiercie region) and
cannot be precisely correlated with the sections studied, their
age determination (bremeri and/or lower retrocostatum chrons)
is consistent with the periods of decreased sedimentation rate.
These periods are marked by common ammonite concentra-
tions, which possibly reflect increased erosion. The bremeri
chron is the time, when the long-lasting bio-event of prolifera-
tion and immigration of several ammonoid species began
(Zaton, 2011; Fig. 11). This event lasted until the mid-retro-
costatum chron and may record the opening of new seaways
during the extensive Late Bathonian transgression that enabled
migration of ammonites (Zaton, 2011). The beginning of
ammonite migration during the period of regional regression
suggests that the Rs episode was, in fact, the time of sea level
stillstand and associated shoreline progradation rather than the
effect of regional sea level fall.

Transgression Tg began in the late bremeri chron (Fig. 5)
and its maximum falls into the early retrocostatum chron. It co-
incides with a mid-stage of the bio-event of ammonoid prolifera-
tion and immigration, as well as with the possible formation of
hiatus concretions. Its early phase was also linked with the in-
creased intensity of erosion that in places led to the deep scour-
ing into the cohesive mud. The result of this erosion is the re-
duced sedimentation rate and condensation, marked by the
common ammonite occurrences (Fig. 5).

The Gnaszyn succession, representing R,—~Ts cycles, was
recently studied by Gedl et al. (2012). These authors, based
mainly on micropalaeontological and palynofacies analyses,
noted fluctuations in nutrient supply and interpreted them in
terms of sea level changes. They distinguished four
transgressive-regressive cycles in the succession. The com-
parison of their interpretation with that proposed in the present
paper (Fig. 11) shows that these short-lasting T-R cycles repre-
sent subordinate episodes, linked probably with differential sed-
imentation rate, which led to the shoreline fluctuation. Similar
cycles may be also interpreted from the grain-size logs (Fig. 5),
although boundaries of these cycles are slightly shifted in rela-
tion to those proposed by Ged! et al. (2012). The only distinct

discrepancy in both interpretations concerns the interval lo-
cated between siderite horizons P and R, which is linked by
Gedl et al. (2012) with regression, whereas the grain-size analy-
sis points to transgression and a relatively distal environment.
The explanation of this difference may be linked with the in-
ferred mode of deposition. The interpretation of Ged| et al.
(2012) is based on the assumption that the terrigenous material
was deposited from suspension and supplied directly from the
land to the depositional setting. The sedimentological analysis
shows, however, that most of the sediment was redistributed
during storms from the initial place of deposition by offshore-di-
rected currents. As mentioned above, the interval in question
records probably the time, in which the bottom switched from
bypass to accumulative mode. Thus, the features considered to
be typical of proximal settings, such as the prevalence of
terrigenous elements in palynofacies composition, opportunis-
tic planktonic assemblages and the prevalence of sporomorphs
of the Lowland Ecogroup (Ged| et al., 2012), might be inherited
from the initial place of deposition, from which the sediment was
brought in Pienkowski (2004) and Pienkowski and Waks-
mundzka (2009) reported a similar phenomenon, called
“palynofacies inversion — type 2”, from Lower Jurassic deposits
of Poland. Moreover, the increased rate of deposition and asso-
ciated higher influx of organic particles, leading to the oxygen
depletion within the bottom sediment, need not be the result of a
proximal location, but may reflect the decreased intensity of
erosion in more distal sites.

Regression Rg began in the early refrocostatum chron and
reached its maximum in the mid/late retrocostatum chron
(Fig. 5). It is recorded by the significant increase in the sand
content (up to 40%). The retrocostatum chron coincides also
with the late stage of the bio-event of ammonoid proliferation
and immigration (Zaton, 2011; Fig. 11), which points to the ex-
pansion of the sea. All this evidence suggests that it was a pe-
riod of fast shoreline progradation that occurred locally in the
Silesian—Cracow region during the stillstand conditions. Conse-
quently, the last transgression T+, recorded by the gradual in-
crease in clay content (Fig. 5), may be interpreted as a continu-
ation of the earlier transgression T. In the early phase of re-
gression Rg, erosional processes, marked by exhumed bi-
valves, were not common. In the late phase, they were much
more abundant and led to the decrease in sedimentation rate,
recorded by common ammonites. It is possible, although not
proved, that hiatus concretions also formed at that time (Zaton
etal., 2011).

COMPARISON WITH T-R CYCLES IN CENTRAL POLAND
AND EUSTATIC SEA LEVEL CHANGES

To verify whether the T-R cycles from the Czestochowa re-
gion record fluctuations of the regional sea level in the entire
Polish Basin or reflect some local processes, they were corre-
lated (Fig. 11) with cycles distinguished in the succession from
central Poland (Pienkowski et al., 2008). The correlation is
based on ammonite and dinoflagellate cyst biostratigraphy
(Feldman-Olszewska, 1997; Matyja and Wierzbowski, 2000,
2003, 2006b; Barski, 2007, 2008, 2012a; Pienkowski et al.,
2008), however, different precision of dating of deposits studied
in outcrops (Czestochowa) and boreholes (central Poland) as
well as incompleteness of the succession from Czestochowa
make this correlation approximate.

Cycle TRy (parkinsoni-bomfordi/early ~ convergens?
subchrons) correlates well with cycle TR3 from central Poland,
which began in the garantiana chron and lasted until the early
convergens subchron (Pienkowski et al., 2008). Similarly, the
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early phase of transgression T,.3, which began in the
convergens subchron corresponds to transgression T4 that
commenced in the mid-convergens subchron and reached its
maximum at the end of the macrescens subchron (Pienkowski
et al., 2008). The correlation of the late phase of transgression
T3 is impeded by the lack of exposures in the Czestochowa
region, which makes impossible credible dating of its maxi-
mum. However, it cannot be excluded that it coincides with the
maximum of transgression T4 distinguished by Pienkowski et
al. (2008). Regression Ry, recording the shallowest conditions
in the entire succession studied, does not manifest itself in the
succession from central Poland and was likely local.

Regression R; (yeovilensis—early tenuiplicatus subchrons)
correlates approximately with regression R4 in central Poland,
which began in the early yeovilensis subchron and lasted most
probably until the end of the tenuiplicatus chron (Pienkowski et
al., 2008). The shift of the regression maximum between these
two regions may arise from the imprecise dating of deposits
from central Poland, because of the scarcity of ammonite fauna
in this part of the succession. Thus, it cannot be excluded that
the late phases of regressions R; and R4 coincide.

For the same reason, the age determination of the next cy-
cle TR5 in central Poland is uncertain. Pienkowski et al. (2008)
suggest that the transgressive phase falls within the progracilis
chron and the regressive phase — in the subcontractus chron,
but this statement is not sufficiently supported by ammonites. In
the Czestochowa region, deposits dated at the progracilis zone
have not been documented yet, although it is likely that they oc-
cur in the Leszczynski and Gnaszyn sections, corresponding to
the maximum of transgression T, and the beginning of regres-
sion R4. Similarly, the occurrence of the subcontractus zone
was confirmed only in a thin interval of the Gnaszyn section,
representing the middle part of regression R4 (Figs. 5 and 11).
Thus, at the moment, the credible correlation of cycle TR, with
the scheme from central Poland is not possible, although it is
probable that this cycle correlates with cycle TR5 distinguished
by Pienkowski et al. (2008).

Cycle TRs (subcontractus/morrisi?—late bremeri chrons)
correlates approximately with cycle TR6 in central Poland
(morrisi — early retrocostatum chrons), although the maximum
of transgression seems to be shifted in these two successions.
The reason of this discrepancy may be uncertainty in dating of
the transgression maximum in the succession from central Po-
land, which is not sufficiently supported by ammonite fauna
(Pienkowski et al., 2008). Thus, it cannot be excluded that
transgressions Ts and T6 coincide. Regression Rs reached its
maximum slightly earlier than regression R6, which probably re-
sults from local processes, e.g., different sedimentation rates.
The middle and late phases of transgression Te.7 (late bremeri
—retrocostatum chrons) correlates well with transgression T7
that lasted throughout the retrocostatum chron (Pienkowski et
al., 2008). Regression Rg does not manifest itself in the succes-
sion from central Poland, which supports its local character.

The cycles distinguished in the succession from
Czestochowa correlate partly also with the eustatic curve of
Hallam (1988). Cycle TR, coincides well with a distinct sea level
rise on this curve followed by a subordinate sea level fall
(Fig. 11). The following prolonged sea level rise on the Hallam’s
curve corresponds to the series of subsequent transgressions
T,z and T4 in the Czestochowa region. Intervening regressions
R and R; do not show up on the eustatic curve, which supports
their local (R;) and regional (R3) character. Regression R, fits
into a distinct sea level fall on the Hallam’s curve and the next
transgressions Ts and Te+; correlate with a long-lasting sea

level rise. Regressions Rs and R had a local or regional extent
and are not marked on the eustatic curve. Hallam (2001) sug-
gested that the Jurassic period experienced a gradual rise of
sea level interrupted by stillstands rather than eustatic falls. Ac-
cording to him, the Late Bajocian—Late Bathonian parts of the
curve reflect a distinct eustatic rise that began in the Late
Bajocian and was interrupted by regressions of only regional
extent, related to tectonic events. This would mean that none of
the T-R cycles distinguished in the present study resulted from
eustatic sea level changes, but were the events of regional or
local extent, which recorded relative sea level changes in the
Polish Basin or in the Silesian—Cracow region only.

CONCLUSIONS

The detailed examination of the ore-bearing mudstones
from the Czestochowa region revealed common relics of sedi-
mentary structures, most of which record storm stirring and
event sedimentation. It documents periodic high-energy condi-
tions of mud deposition and indicates that the erosional events
exerted a significant impact on the sedimentation rate.

The mudstones were deposited in the marginal part of the
epicontinental Polish Basin. The sea bottom was prevalently
below the storm wave base. However, the storm wave base
reached the sea-floor during considerable shallowing of the ba-
sin in the early zigzag chron as well as during exceptionally
strong storms. The shallowest and highest energy conditions
occurred in the late macrescens subchron, when the bottom
was close to, or above the fair-weather wave base. The esti-
mated depth of the sea did not exceed several tens of metres
and in some periods of time it could be even <20 m.

The significant part of accumulated sediment was derived
from the nearshore zone and intrabasinal shallows by
storm-generated bottom currents that simultaneously reworked
and eroded the muddy bottom. Erosional surfaces are common
in the entire succession, although the erosion affected mainly
the uppermost, soft part of sediment column. Periods of the in-
creased intensity of erosional processes are recorded by inter-
vals with common ammonites and horizons with hiatus concre-
tions. The latter formed in the bypass zone, rather than in the
shallow subtidal area, and were probably linked to sea-floor ele-
vations generated by differential subsidence.

The thickness and composition of event-storm deposits de-
pended on the intensity of storms and on the distance of
depositional site from the shoreline. The analysis of sand, silt
and clay proportions, which approximates the original amount
of event laminae, allowed distinguishing seven transgres-
sive-regressive cycles within the succession studied. Most of
these T-R cycles correlate roughly with the cycles distinguished
by Pienkowski et al. (2008) in the succession from central Po-
land, although the stratigraphic position of cycle boundaries and
transgression maxima are usually slightly shifted between
these schemes. Based on this correlation, it is suggested that
cycles TRy, TR2:3, TRs and TRe.7 reflect relative sea level
changes in the whole Polish Basin. Regressions R, and Rg re-
cord smaller-scale events generated by local tectonic activity
and autocyclic shoreline progradation. Cycle TR, cannot be reli-
ably correlated with the cycles from central Poland due to the
lack of precise biostratigraphical control. Besides geological
constraints, the varying precision of age determination and dis-
continuous core and outcrop record may also have contributed
to the observed mismatch between the TR cycles across the
entire Polish Basin.
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