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Sedimentological anal y sis of bioturbated mudstones from the Mid dle Ju ras sic ore-bear ing Czêstochowa Clay For ma tion has 
re vealed com mon rel ics of sed i men tary struc tures, such as thin silt/sand laminae, bed ding-plane ac cu mu la tions of shell de -
bris, small and me dium silt-sand lenses, as well as silt-, sand- and shell-de bris-rich lev els, ac com pa nied by ero sion sur faces
and mi nor scours. These fea tures doc u ment pe ri od i cal high-en ergy con di tions of mud de po si tion, in clud ing storm stir ring,
event sed i men ta tion and the ac tiv ity of storm-gen er ated bot tom cur rents, which were re spon si ble for sea-floor ero sion and
sed i ment sup ply from shal lower parts of the ba sin. The sea bot tom was prev a lently be low the storm wave base, but it rose
above it dur ing ex cep tion ally strong storms and in the Early Bathonian zig zag chron when the ba sin ex pe ri enced con sid er -
able shallowing. The shal low est and high est en ergy con di tions oc curred in the late macrescens subchron, when the bot tom
was close to, or above the fair-weather wave base. The es ti mated depth of the sea did not ex ceed sev eral tens of metres, but
in some pe ri ods it could be even less than 20 m. Based on the ver ti cal vari a tion of the sand, silt and clay con tents, seven
transgressive-re gres sive cy cles have been dis tin guished in the ap prox i mately 75 m thick suc ces sion span ning the Up per
Bajocian–Up per Bathonian. Cy cles TR1, TR2+3, TR5 and TR6+7 cor re late with those dis tin guished in the co eval suc ces sion
from cen tral Po land, al though the strati graphic po si tion of cy cle bound aries is slightly shifted. These cy cles re cord rel a tive
sea level changes that af fected the en tire Pol ish Ba sin. Re gres sions R2 and R6 were smaller-scale-events, gen er ated in re -
sponse to a lo cal tec tonic ac tiv ity and autocyclic shore line progradation.

Key words: bioturbated mudstones, storm de pos its, transgressive-re gres sive cy cles, ore-bear ing Czêstochowa Clay For ma -
tion, Silesian–Cra cow re gion.

INTRODUCTION

Sedimentological in ves ti ga tion of mudstones and shales is
sub stan tially im peded by their fine grain size and re sul tant ho -
mo ge neous ap pear ance. Be cause of the lack of well-vis i ble
sed i men tary struc tures they have long been con sid ered to rep -
re sent the prod ucts of sta ble, con tin u ous de po si tion in quiet
bot tom-wa ter con di tions. Re cent stud ies of mod ern and an cient 
muddy de pos its, based on the care ful ex am i na tion of milli metre
to centi metre-scale sed i men tary struc tures (e.g., Pedersen,
1985; Wignall, 1989; Schieber, 1990, 1994, 1999; O’Brien,
1996), com bined with lab o ra tory in ves ti ga tions car ried out by
Schieber and his co-work ers (Schieber et al., 2007, 2010;
Schieber and Southard, 2009; Schieber and Yawar, 2009),
have proved that mud can ac cu mu late in a wide range of en vi -
ron ments rang ing from the high-en ergy nearshore to the deep

ocean floor. Sev eral of these as pects are ad dressed in this pa -
per, which fo cuses on a Mid dle Ju ras sic muddy
epicontinental-shelf suc ces sion, re ferred to as the ore-bear ing
Czêstochowa Clay For ma tion. This for ma tion, known also as
the ore-bear ing clays, crops out in the cen tral part of the
Silesian–Cra cow Up land, south ern Po land (Fig. 1), and con -
sists of dark grey or ganic-rich, cal car e ous mudstones, in ter ca -
lated with sid er ite and cal car e ous con cre tions, and rare sand -
stones (Dayczak-Calikowska and Kopik, 1973).

The mudrocks of the ore-bear ing Czêstochowa Clay For -
ma tion fall into two fa cies va ri et ies, one rep re sented by in -
tensely bioturbated mudstones, con tain ing a di verse as so ci a -
tion of ben thic fauna, and the other com posed of well-lam i nated 
mudstones with rare ben thic fauna (Leonowicz, 2012, 2013).
Be cause the bioturbated fa cies dom i nates in the out crops,
there are few sedimentological ac counts that are based mainly
on in dis tinct relicts of pri mary sed i men tary struc tures (Merta
and Drewniak, 1998; Leonowicz, 2012). Hence, palaeo -
environmental in ter pre ta tions of the ore-bear ing clays are
based mostly on palaeontological, geo chem i cal and pet ro log i -
cal in ves ti ga tions (for sum mary, see Zatoñ et al., 2009; Zatoñ,
2011). The range of in ferred set tings var ies from a shal low to
very shal low ma rine (Garbowska et al., 1978; Smoleñ, 2006),
open ma rine to estuarine (Merta and Drewniak, 1998), and from 
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an open shal low sea be low the storm wave base (Gedl et al.,
2006a, b, c; Leonowicz, 2012) to the outer shelf pe ri od i cally
shallowing into the high-en ergy subtidal en vi ron ment (Zatoñ et
al., 2011). Gedl et al. (2012), based on micropalaeontological
and min er al og i cal data, sug gested a wa ter depth rang ing from
sev eral tens to a few hun dred metres. The de tailed
sedimentological study of the lam i nated mudstones led the
pres ent au thor (Leonowicz, 2013) to sug gest they were de pos -
ited be low the storm wave base from storm-gen er ated bot tom
cur rents, which re dis trib uted sig nif i cant amounts of sed i ment
from shal low-wa ter ar eas.

Many au thors who have stud ied the ore-bear ing clays sug -
gest a fluc tu a tion of depositional con di tions linked to the sea
level changes. Garbowska et al. (1978) pre sented lithological
and micropalaeontological char ac ter is tics of two drill cores and

dis tin guished two cyclothems: Up per Bajocian–Lower
Bathonian and Mid dle–Up per Bathonian, each re cord ing
shallowing of the sea. Based on ammonoid di ver sity, Zatoñ
(2011) in di cated three bio-events fall ing into the lat est Bajocian, 
Early Bathonian and Late Bathonian, which he re lated to
transgressive ep i sodes. Gedl et al. (2012), based mainly on the
anal y sis of microfossils, palynofacies and sporomorphs, dis tin -
guished four phases of sea level rise in the Mid dle–Up per
Bathonian suc ces sion from Czêstochowa, three in the Mid dle
Bathonian and one in the Up per Bathonian. In the same suc -
ces sion, Leonowicz (2012) noted sev eral in ter vals en riched in
ammonite re mains, which doc u ment pe ri ods of re duced sed i -
men ta tion rate. De spite the sub stan tial prog ress in un der stand -
ing sed i men tary en vi ron ments, the ore-bear ing clays still lack a
suf fi cient sedimentological back ground that would al low sub di -
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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 Czêstochowa (after Lewandowski, 1986, modified)
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vid ing the en tire suc ces sion in terms of transgressive-re gres -
sive cy cles. The pres ent pa per partly fills this gap and pro vides
the re sults of de tailed sedimentological study of the bioturbated
mudstone fa cies in the most com pletely ex posed and
stratigraphically well-dated suc ces sion from the cen tral part of
the out crop belt.

PALAEOGEOGRAPHICAL 
AND GEOLOGICAL BACKGROUND

Dur ing the Me so zoic most of the ter ri tory of Po land was part 
of an ex ten sive sys tem of epicontinental seas, called the Cen -
tral Eu ro pean Ba sin Sys tem (CEBS), which cov ered a vast
area of Cen tral Eu rope. In Mid dle Ju ras sic time, in tense tec -
tonic ac tiv ity in the North Sea area led to the in ter nal dif fer en ti a -
tion of the CEBS into a num ber of bas ins (Pieñkowski et al.,
2008). The Pol ish Ba sin con sti tuted the east ern most arm of the
CEBS, dis tant from the tec toni cally ac tive zone and sur rounded 
largely by lands (Fig. 2). The im por tant tec tonic el e ment of this
ba sin was a nar row, NW–SE ori ented, ax ial zone, called the
Mid-Pol ish Trough (MPT). This zone ex pe ri enced con sid er able
sub si dence re sult ing in the ac cu mu la tion of a sed i ment suc ces -
sion ex ceed ing 1000 m in thick ness (Dayczak-Calikowska and
Moryc, 1988; Feldman-Olszewska, 1997; Pieñkowski et al.,
2008). Out side this zone, the thick ness de creases to 300 m and 
the suc ces sion re veals sev eral hi a tuses. The or i gin and tec -
tonic char ac ter of the MPT is not clear. Kutek (1994) de fined it
as a con ti nen tal rift. Dadlez et al. (1995) sug gested that the de -

vel op ment of the MPT was char ac ter ized by extensional and
compressional phases linked with the tec tonic evo lu tion of the
Tethys and the At lan tic. Dadlez (2003) ex plained in creased
sub si dence of this zone by the ac tiv ity of deep-seated
sub-Zechstein faults, whose up ward prop a ga tion was hin dered
by the plas tic na ture of Zechstein salts. The bound aries of the
MPT were con trolled by pe ri od i cally ac tive syndepositional
faults of lim ited ex tent that are re corded by thick ness con trasts
(Feldman-Olszewska, 1997; Dadlez, 2003). Trans verse faults
and move ments of salt struc tures, lead ing to the dif fer en ti a tion
of ba sin bot tom into sev eral el e va tions and depocentres
(Dadlez, 1994; Feldman-Olszewska, 1997; Pieñkowski et al.,
2008), also in flu enced the sed i men ta tion.

In the Mid dle Ju ras sic, the com mu ni ca tion of the Pol ish Ba -
sin with other Cen tral Eu ro pean seas was lim ited and de po si -
tion was in flu enced mainly by the Tethyan re gime (Pieñkowski
et al., 2008). It was a time of grad ual ma rine trans gres sion in the 
Pol ish Ba sin, in ter rupted by short-lived re gres sions and
stillstand pe ri ods (e.g., Matyja and Wierzbowski, 2006a;
Pieñkowski et al., 2008). Pieñkowski et al. (2008) dis tin guished
eight transgressive-re gres sive cy cles in the Mid dle Ju ras sic
suc ces sion from cen tral Po land. Trans gres sions en tered most
prob a bly from the south-east, through the East Carpathian
Gate (Dayczak-Calikowska, 1997) that con nected the Pol ish
Ba sin with the Tethyan ocean. Ini tially, ma rine sed i men ta tion
was lim ited to the MPT (Fig. 3A; Feldman-Olszewska, 1998;
Pieñkowski et al., 2008). In the Early Bajocian, the sea ex -
tended out side this zone and split into two branches sep a rated
by an elon gated el e va tion, called the Wielkopolska Ridge
(Fig. 3A; Feldman-Olszewska, 1997). This el e va tion oc curred
in to pog ra phy as a pen in sula dur ing re gres sions and as a sub -
ma rine sill dur ing trans gres sions un til the Early Bathonian,
when it was fi nally flooded (Feldman-Olszewska, 1997). Since
that time, the sea ex tended grad u ally to the north-east and
south-west and the prog ress of trans gres sion con tin ued dur ing
the Late Ju ras sic.

The Silesian–Cra cow area was sit u ated in the south-west -
ern, mar ginal part of the Pol ish Ba sin (Fig. 3), which be longed to 
the south west ern branch of the ba sin in the early Mid dle Ju ras -
sic. It was sur rounded by lands: Bo he mian Mas sif, Ma³opolska
Land and Wielkopolska Ridge (Dayczak-Calikowska and
Moryc, 1988; Feldman-Olszewska 1997, 1998), which served
as source ar eas of clastic ma te rial. The po si tion of the south -
west ern bound ary of the ba sin is prob lem atic be cause of the
lack of de pos its that were re moved dur ing the Ce no zoic, so that 
the pres ent-day west ern bound ary of Ju ras sic de pos its is ero -
sional. The ma rine trans gres sions most prob a bly ap proached
from the Mid-Pol ish Through, en ter ing the Silesian–Cra cow
area from the north-east and ex panded to the north-west, west
and south-east. For the first time the Silesian–Cra cow re gion
was flooded in the Early Bajocian sauzei chron (Kopik, 1998).
Af ter a short re gres sion in the subfurcatum chron, the sea re -
turned to this area in the Late Bajocian garantiana chron (Kopik, 
1998). Since that time, ma rine sed i men ta tion lasted with out sig -
nif i cant breaks un til the end of Mid dle Ju ras sic (Barski et al.,
2004) and con tin ued dur ing the Late Ju ras sic. Dur ing the
Bathonian, af ter the flood ing of the Wielkopolska Ridge, the sea 
ex tended grad u ally to wards the south-west (Fig. 3B) but prob a -
bly did not flood over the Bo he mian Mas sif un til the end of Mid -
dle Ju ras sic (Feldman-Olszewska, 1997).

The Mid dle Ju ras sic suc ces sion of the Silesian–Cra cow
area (Fig. 4) starts with Up per Bajocian sandy de pos its of the
Koœcielisko Beds (sauzei–humphriesianum zones), rest ing with 
a strati graphic hi a tus on older Me so zoic rocks (Kopik, 1997,
1998). They are over lain by a thick muddy com plex of the Up per 
Bajocian–Up per Bathonian (garantiana–dis cus zones)
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Fig. 2. Palaeogeographical map of Europe in the Middle
Jurassic (modified after Ziegler, 1990)

AM – Armori can Mas sif, BM – Bo he mian Mas sif, CEBS – Cen tral
Eu ro pean Ba sin Sys tem, IBM – Ibe rian Meseta, IM – Irish Mas sif,
LBM – London–Brabant Mas sif, MC – Mas sif Cen tral High, MCA –
Meta-Carpathian Arc, RHB – Rockall–Hatton Bank, UH – Ukrai nian
High
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ore-bear ing Czêstochowa Clay For ma tion (Kopik, 1998; Matyja 
and Wierzbowski, 2000, 2006b; Barski et al., 2004), which in
turn, passes up wards into con densed Callovian de pos its
(Kopik, 1997). The thick ness of ore-bear ing clays reaches its
max i mum value of about 200 m north of Czêstochowa (Kopik,
1997). To the south, it grad u ally de creases and south of
Zawiercie the ore-bear ing clays wedge out and pass into var i -
ous shal low ma rine clastic and cal car e ous de pos its (Kopik,
1997). The pres ent study con cerns de pos its ex posed in five ac -
tive clay-pits in Czêstochowa: Alina, Sowa + Gliñski,
Leszczyñski, Gnaszyn and Anna (Fig. 1C). These ex po sures
span the Up per Bajocian parkinsoni zone to the Up per
Bathonian retrocostatum zone (Matyja and Wierzbowski, 2003,
2006b). How ever, three sec tions from the older part of the suc -
ces sion do not over lap, thus the to tal suc ces sion stud ied is not
com plete (Fig. 4).

METHODS

The de pos its ex posed in clay-pits were ex am ined centi -
metre by centi metre, tak ing into ac count the li thol ogy, sed i men -
tary struc tures, bioturbation and ben thic fauna. Spe cial at ten -
tion was paid to biodeformational struc tures de fined as bur rows 
with in dis tinct out lines (Wetzel, 1991). They were di vided into
three groups: large – struc tures 1 cm and more across, well dis -
cern ible dur ing out crop ex am i na tion; me dium – a few milli -
metres across, also rec og niz able in out crops; and small – com -
pris ing cryptobioturbation (sensu Pem ber ton et al., 2008). The
lat ter are too small to be vis i ble dur ing out crop ex am i na tion, but
they blur the bound aries of sed i men tary struc tures, may de -
stroy thin laminae and ho mog e nize the sed i ment. Among ben -
thic fauna, spe cial at ten tion was paid to deeply bur row ing bi -

valves and their po si tion within the sed i ment. Sed i men tary and
biogenic struc tures were ob served only in unweathered parts of 
sec tions. To rec og nize lithological changes within the mo not o -
nous mudstone suc ces sion, 68 sam ples were sub jected to
grain-size anal y sis by areometry and dry siev ing to eval u ate the 
con tents of sand, silt and clay (Fig. 4). The val ues of bound ing
sizes fol low the Udden-Wen tworth scale (fide McManus, 1988).

RESULTS AND INTERPRETATION

SEDIMENTARY STRUCTURES

Sed i men tary struc tures and their rel ics, pre served lo cally in
bioturbated mudstones from Czêstochowa, rep re sent prev a -
lently var i ous kinds of hor i zon tal lam i na tion. Most of them were
ob served also in lam i nated mudstones of the same for ma tion
ex posed near Zawiercie (Leonowicz, 2013). The lat ter serve as
a point of ref er ence in in ter pre ta tion of the or i gin of struc tures
stud ied, the in ter nal fea tures of which are partly oblit er ated by
ben thic ac tiv ity. They are de scribed be low in or der from the thin -
nest and most sub tle to the thick est. Their dis tri bu tion in the
suc ces sion is pre sented in Fig ure 5.

PARALLEL STRIPES

Ob ser va tions. On sur faces per pen dic u lar to the bed ding
planes, these ap pear as thin, in dis tinct par al lel streaks, which
show sub tle col our vari a tions from dark to light grey. Light grey
stripes con tain ad mix ture of fine quartz and/or shell de bris,
whereas dark grey ones are rich in clay. On part ing planes, the
stripes ap pear as flat, hor i zon tally ori ented patches of ir reg u lar
shape. The fab ric of clay-rich mudstones con sists of silt-rich

328 Paulina Leonowicz

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
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Fig. 4. Stratigraphy of Middle Jurassic deposits from the Silesian–Cracow region (after Kopik, 1998; Matyja and Wierzbowski,
2000, 2006b; Barski et al., 2004) and a representative section of the Zrêbice 33-BN borehole (stratigraphy after Kopik, 1998)

To the right are shown sections studied in greater detail and the location of samples selected for grain-size analysis 
(generalized stratigraphy after Matyja and Wierzbowski, 2000, 2003, 2006b)
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Fig. 5. Lithological logs of ore-bearing mudstones from outcrops in Czêstochowa, showing distribution of sedimentary 
and biodeformational structures, frequency of shell debris and deeply burrowing bivalves, intervals with common ammonites

and grain-size composition

To the right, interpretation of transgressive-regressive (T-R) cycles is presented; 
biostratigraphy and numbering of siderite horizons (B–S) after Matyja and Wierzbowski (2000, 2003, 2006b)



patches, usu ally <1 mm thick and sev eral milli metres wide, oc -
cur ring within structureless clay. De pos its rich in shell de bris and
sand ma te rial, con tain clayey patches reach ing 1–2 cm across,
ap pear ing among coarser-grained back ground de pos its
(Fig. 6A). Shell de bris may be dis persed uni formly or con cen trate 
in elon gated zones, sev eral centi metres long and >1 cm wide,
which are most likely bioturbation struc tures. Par al lel stripes oc -
cur com monly al most in the en tire suc ces sion (Fig. 5), pro duc ing
an ef fect of the vague par al lel-ori en tated fab ric of mudstones.
This ef fect is of ten en hanced by hor i zon tal ori en ta tion of trace
fos sils, mainly Chondrites and other un de ter mined
biodeformational struc tures.

In ter pre ta tion. The fab ric con sist ing of in dis tinct par al lel
stripes was ob served in lam i nated mudstones from the
Zawiercie area and in ter preted as the prod uct of mod er ate
cryptobioturbation of lam i nated de pos its con tain ing fine
silt-sand laminae (Leonowicz, 2013). It is likely that the par al -
lel-ori en tated fab ric of mudstones from Czêstochowa has a
sim i lar or i gin and re sulted from in com plete biogenic dis rup tion

of pri mary hor i zon tal strat i fi ca tion. Bur row ing an i mals might
have var i ous sizes, rang ing from meiofauna (up to 1 mm) to rel -
a tively large or gan isms that pro duced bur rows >1 cm across.
Orig i nal strat i fi ca tion con sisted, as in the Zawiercie area, of
silt-sand laminae and ac cu mu la tions of comminuted shell de -
bris. The amount and thick ness of these laminae var ied in the
suc ces sion, re sult ing in a dif fer ent li thol ogy of mudstones
(clay-rich vs. shell-de bris-rich and sand-rich mudstones).

SILT/SAND LAMINAE

Ob ser va tions. These are thin, <1 mm thick, hor i zon tal, dis -
con tin u ous ac cu mu la tions of quartz silt and very fine sand
(Fig. 6B). Lat er ally, they dis ap pear among bioturbated zones.
The lat eral ex tent of these laminae var ies from 2 cm to sev eral
decimetres. Silt/sand laminae are in places cut by Chondrites,
vis i ble on part ing planes as dark clayey dots in light grey back -
ground.
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Fig. 6. Sedimentary structures from bioturbated mudstones of ore-bearing clays

A – par al lel stripes: ir reg u lar patches of dark grey mudstone within light grey shell-de bris-rich back ground sed i ment; part ing plane view; B –
thin silt/sand lamina: view on the up per sur face cut by Chondrites (dark dots); C – me dium-sized silt/sand lens: view on ex posed basal part
with sev eral dark grey clay-chips; part ing plane view; A – Gliñski clay-pit, B, C – Gnaszyn clay-pit; scale bar in A and B is 1 cm, scale bar in C
is in centi metres (photo B by A. Uchman)
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In ter pre ta tion. Silt/sand laminae were com monly ob served 
in mudstones from the Zawiercie area. Their sharp bound aries,
len tic u lar shape and ir reg u lar, prob a bly ero sive bases point to
bedload trans port in the form of thin starved rip ples, whereas
gradational tops ob served in some laminae sug gest de po si tion
from sus pen sion flows (Leonowicz, 2013). Based on these fea -
tures, the silt/sand laminae are in ter preted as the re sult of de -
po si tion by bot tom flow ing cur rents which car ried sus pended
sed i ment and re worked the bot tom de posit. In bioturbated
mudstones, most of these struc tures were com pletely de -
stroyed or took the form of par al lel stripes, de scribed above.
Their pres er va tion in some in ter vals, al though to a lim ited ex -
tent, may be an ef fect of ei ther a low bioturbation rate, or rapid
event de po si tion of rel a tively thick por tions of mud (cf. “smoth -
ered bot tom” in Brett, 1983). In the lat ter case, only the up per
part of the sed i ment is re worked, whereas the lower part re -
mains un dis turbed or only slightly bioturbated so that the orig i -
nal fab ric is pre served.

BEDDING-PLANE ACCUMULATIONS OF SHELL DEBRIS

Ob ser va tions. These are very thin, <0.5 mm thick, hor i zon -
tal ac cu mu la tions of shell de bris, con sist ing of frag mented
shells of dif fer ent bi valves, brachi o pods and, in places,
ammonites. They are well vis i ble on part ing planes, but are usu -
ally not dis cern ible in cross-sec tion.

In ter pre ta tion. Bed ding-plane ac cu mu la tions of shell de -
bris were com monly ob served in mudstones from the Zawiercie 
area. The con vex-up ori en ta tion of bi valve shells, which is typ i -
cal for ma te rial trans ported by trac tion (Middle ton, 1967;
Futterer, 1978) and the pres ence of gen era, which do not oc cur
in the host de posit, sug gest that the ma te rial was at least partly
sup plied from other set tings by bot tom cur rents (Leonowicz,
2013). These cur rents sup plied frag mented shells from the
shal lower zones of the ba sin and si mul ta neously re worked in
situ the bot tom sed i ment, lead ing to for ma tion of thin shell lags.
Thus, the shell de bris ac cu mu la tions, sim i larly as thin silt/sand
laminae, are in ter preted as high-en ergy event de pos its.

SILT/SAND LENSES

Ob ser va tions. These are small and me dium, flat lenses
com posed of very fine sand, silt and, lo cally, shell de bris. They
are 1–25 mm thick and up to 60 cm long. How ever, the orig i nal
thick ness might be lower, as many of them are loaded. Some
lenses re veal par al lel and low-an gle lami na tions, en hanced by
thin clay part ings. The lat ter are of ten strongly de formed by
load ing. Spo rad i cally, small clay-chips were ob served in the
lower part of thicker struc tures (Fig. 6C). Lenses oc cur usu ally
in se ries and ac com pany rel a tively thick ac cu mu la tions of sand
and shell de bris, de scribed be low.

In ter pre ta tion. The silt/sand lenses are in ter preted as a re -
sult of rel a tively abun dant sup ply of sed i ment that was trans -
ported in the form of small ripplemarks by bot tom cur rents car -
ry ing si mul ta neously fine par ti cles in the sus pen sion (cf.
Leonowicz, 2013). Trac tion trans port is sup ported by the len tic -
u lar shape, sharp bound aries and in ter nal struc ture of lenses,
in clud ing cross-lam i na tion and par al lel to low-an gle in clined
lam i na tion. The grain-size gra da tion in the top most parts of
some lenses and the oc cur rence of graded rhythmites with
sand lenses at the base – both fea tures ob served in lam i nated
mudstones (Leonowicz, 2013) – in di cate that rip ple mi gra tion
was fol lowed by sed i men ta tion of the sus pen sion. The de po si -
tion of sand was pre ceded by the ero sion of muddy bot tom, as
in di cated by the oc cur rence of clay-chips in the bot tom parts of
some lenses. The good pres er va tion of lenses in strongly

bioturbated de pos its may re flect ei ther rapid sed i men ta tion, or
pref er ence of bur row ing an i mals not adapted for bur row ing in
the sandy sub strate.

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

Ob ser va tions. These ho ri zons, up to 6 cm thick and at
least 6 m wide, con tain rel a tively large amounts of sand, silt
and/or shell de bris (Fig. 7). Coarse-grained ma te rial forms se -
ries of lenses, par al lel stripes and thin lay ers, up to 2 cm thick, in 
which de tri tal quartz and bioclasts may be mixed to gether or
form sep a rate ac cu mu la tions. Based on the com po si tion, three
types of coarse-grained lev els may be dis tin guished:

1. Fine sand and silt ac cu mu la tions – ho ri zons of elon gated
lenses, stripes and thin lay ers, com posed of quartz grains with
sub or di nate ad mix ture of small bi valve shells. Lenses are com -
monly loaded. Thin lay ers re veal fine par al lel lam i na tion en -
hanced by thin clay laminae (Fig. 7A). De spite par tial
bioturbation, lam i na tion is usu ally well vis i ble. In the lower parts
of some ac cu mu la tions, small clay-chips are pres ent. Sand and 
silt-rich lev els oc cur in the mid dle part of the Sowa + Gliñski sec -
tion, in the up per part of the Leszczyñski sec tion and in the low -
er most part of the Gnaszyn sec tion (Fig. 5).

2. Shell de bris ac cu mu la tions – ho ri zons of elon gated
lenses and thin lay ers, com posed of frag mented and
comminuted shells of var i ous bi valves, brachi o pods and
ammonites. Shell de bris is mixed with well-pre served, al though
usu ally disarticulated valves of small bi valves (mainly nuculoids
and astartids), which may be in a con vex-up as well as in a con -
vex-down po si tion. In places, well-pre served small snails also
oc cur. Wood frag ments are also com mon in the shell de bris ac -
cu mu la tions. Coarse-grained ho ri zons of this type oc cur in the
mid dle part of the Sowa + Gliñski sec tion (Fig. 5).

3. Sand, silt and shell de bris ac cu mu la tions – ho ri zons rich
in shell de bris and disarticulated valves of small bi valves, mixed 
with fine sand and silt. These lev els are usu ally ac com pa nied by 
se ries of sand/silt lenses and stripes, un der ly ing and/or over ly -
ing the main ho ri zon. One of such ac cu mu la tions, in the
Gnaszyn sec tion, re veals in dis tinct cross-lam i na tion, con sist ing 
of silt-, sand- and shell-de bris-rich laminae al ter nat ing with thin -
ner clay laminae (Fig. 7B). In the bot tom part of this level, shells
of small bi valves are in the con vex-down po si tion, whereas in
the up per part they are in a pre ferred con vex-up po si tion
(Fig. 7C). Sand, silt and shell de bris ac cu mu la tions oc cur in the
up per half of the Sowa + Gliñski sec tion and in the lower part of
the Gnaszyn sec tion (Fig. 5).

In ter pre ta tion. Lev els rich in sand, silt and shell de bris re -
cord an ex cep tion ally abun dant sup ply of coarse-grained ma te -
rial com bined with the re work ing and win now ing of bot tom sed i -
ment by bot tom cur rents, which might be ac com pa nied in some
cases by wave stir ring. The bedload trans port is sup ported by
the pres ence of sand/silt lenses within these ho ri zons, dis crete
cross-lam i na tion ob served in the level from the Gnaszyn sec -
tion and the con vex-up po si tion of bi valve shells (Futterer,
1978). Par al lel lam i na tion from sand/silt-rich lev els could re sult
from ei ther si mul ta neous trans port of silt, sand and flocculated
clay as a bedload (Schieber et al., 2007; Schieber and Yawar,
2009), or de po si tion from sus pen sion (Reineck and Singh,
1972). The pref er en tial con vex-down po si tion of shells in some
ho ri zons is typ i cal of set tling from sus pen sion (Futterer, 1978)
and may re cord ei ther rapid de po si tion from sus pen sion
(Middle ton, 1967) or tem po ral resuspension by gen tle wave stir -
ring (Brett and Allison, 1998). The small clay-chips oc cur ring in
the bot tom parts of some quartz-rich ac cu mu la tions in di cate
that de po si tion of coarse-grained sed i ment was pre ceded by
ero sion of the bot tom, caused prob a bly by the same cur rents
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that were re spon si ble for sand sup ply. Rapid de po si tion of a rel -
a tively thick por tion of sed i ment pro tected the silt, sand and
shell de bris ho ri zons from com plete bioturbation and re sulted in 
their good pres er va tion.

EROSIONAL FEATURES

Dis tinct ero sional struc tures are scarce in the stud ied de -
pos its. This re sults from mo not o nous de vel op ment of
mudstones and their strong bioturbation rather than the ac tual
ab sence of ero sion. The best ev i dence of sig nif i cant win now ing
and ero sion in the bot tom en vi ron ment co mes from the com -
mon oc cur rence of ex humed, deeply bur row ing bi valves.

EXHUMED BURROWING BIVALVES

Ob ser va tions. The stud ied de pos its re veal rich ben thic
fauna, pre dom i nantly bi valves, rep re sent ing dif fer ent life hab its
(Pugaczewska, 1986; Kaim and Sztajner, 2012). The im por tant 
com po nents of the ben thic as so ci a tion are deeply bur row ing bi -
valves, rep re sented by the gen era Pleuromya, Pholadomya,
Goniomya, Cercomya and Thracia. They usu ally oc cur in life
po si tion (Fig. 8A), al though spec i mens ly ing flat on part ing
planes are also com mon (Fig. 8B). They are pre served as ar tic -
u lated spec i mens with closed valves, or in a “but ter fly po si tion”
that points to the lack of or a very short trans port. Ex humed
deep-bur row ing bi valves were ob served through out the en tire
suc ces sion, al though their fre quency changes in the pro file
(Fig. 5).

Ex humed shal low-bur row ing bi valves are also com mon.
Disarticulated shells of small bi valves, in clud ing nuculoids and
astartids, oc cur in the shell de bris ac cu mu la tions dis cussed in

the pre vi ous para graph. The other ex am ple is semi-infaunal
Pinna which, in some cases, sticks in the mud in life po si tion,
whereas in other places it lies flat on part ing planes and is pre -
served as ar tic u lated or bro ken spec i mens.

In ter pre ta tion. The mode of the oc cur rence of infaunal bi -
valves sug gests their in situ ex hu ma tion. As their shells are not
as so ci ated with re sid ual ac cu mu la tions of sand, silt and shell
de bris, it seems that the sed i ment, in which they were orig i nally
bur ied, had to be re moved by bot tom flows, not sim ply re set tled
from the sus pen sion. Con sid er ing that mod ern bi valves may
bur row as deeply as 30 cm be low the sea-floor (Stan ley, 1970;
Kondo, 1987), the depth of this ero sion might be sig nif i cant. The 
ex humed shal low-bur row ing bi valves may re cord less in tense
ero sion than that in ferred from the deep-bur row ing ones. How -
ever, the weak frag men ta tion of the Pinna spec i mens sug gests
a short-dis tance trans port of their large shells, which in di cates
rel a tively high cur rent strengths.

EROSIONAL SURFACES

Ob ser va tions. The only dis tinct ero sional sur face was ob -
served in the up per part of the Gnaszyn clay-pit (Fig. 5) at a
level of few iso lated sandy lenses, up to 6 cm thick, which rep re -
sent the fill of small ero sional scours (Fig. 8C). The sand lenses
show hor i zon tal lam i na tion en hanced by thin clay part ings.

In ter pre ta tion. The ero sional sur face is in ter preted as a re -
sult of rel a tively strong ero sion of the sea-floor (cf. Leonowicz,
2012). The scours were cut by channelised flow and sub se -
quently filled with sand car ried to gether with clay within the
same flow. The sharp bound aries of the scours in di cate cut ting
into the co he sive muddy bot tom, thus the ero sion was deeper
than that in ferred for the ex humed bi valves.

Storm-influenced deposition and cyclicity in a shallow-marine mudstone succession... 333

Fig. 7. Sedimentary structures from bioturbated mudstones of ore-bearing clays

A – fine sand and silt ac cu mu la tion: fine par al lel lam i na tion con sist ing of al ter nat ing quartz and clay laminae; view per pen dic u lar to the bed -
ding; B – sand, silt and shell de bris ac cu mu la tion: in the up per part in dis tinct cross-lam i na tion oc cur that con sists of light grey coarse-grained 
laminae al ter nat ing with dark grey clay laminae al ter nat ing with dark grey clay laminae; the sim pli fied scheme be low the photo high lights lam -
i na tion; view per pen dic u lar to the bed ding; C – the up per part of the ac cu mu la tion shown on B: shells of small bi valves are in the pre ferred
con vex-up po si tion; part ing plane view; A – Leszczyñski clay-pit, B, C – Gnaszyn clay-pit; scale bar is 1 cm



GRAIN-SIZE COMPOSITION

Ob ser va tions. Mudstones ex posed in Czêstochowa rep re -
sent silty claystones and clayey siltstones lo cally con tain ing sig -
nif i cant ad mix tures of sand (Fig. 9). The con tent of clay var ies
from 23 to 71%, silt – from 26 to 53% and sand – from 2.5 to
40%. The ver ti cal dis tri bu tion of grain-size is pre sented on Fig -
ure 5. The high est pro por tion of clay oc curs in the Up per
Bajocian de pos its (Alina sec tion), where it does not fall <50%.
The high est con tent of sand, >30%, is in the Mid dle and Up per
Bathonian mudstones (up per parts of the Gnaszyn and Anna
sec tions). The sand, silt and clay con tents changes also lat er -
ally, how ever, the gen eral trends in con tem po ra ne ous suc ces -
sions are con sis tent.

In ter pre ta tion. Sedimentological anal y sis of the ore-bear -
ing mudstones from the Zawiercie re gion shows that most of
the sed i ment was de rived from the nearshore area by off shore
cur rents (Leonowicz, 2013). In the de pos its from Czêstochowa, 
most of the pri mary sed i men tary struc tures were oblit er ated by
bioturbation, which led to mix ing of sand and silt grains de rived
from the event laminae, with the clayey back ground. In this con -
text, the clay-silt-sand pro por tions may be treated as a proxy for 
the orig i nal amount and thick ness of event silt-sand laminae.

SHELL DEBRIS CONTENT

Ob ser va tions. Shell de bris is the com mon con stit u ent of
de pos its stud ied. It con sists of frag mented and comminuted
shells of bi valves, brachi o pods and ammonites. Apart from the
bed ding-plane ac cu mu la tions, it is ran domly dis persed
through out the mudstones, or con cen trated in bioturbational
struc tures. The amount of shell de bris changes both ver ti cally
(Fig. 5) and lat er ally, and these changes show no clear cor re -
spon dence to the fluc tu at ing sand, silt and clay con tents.

The mid dle and up per parts of the Sowa + Gliñski sec tion, in 
which bioclastic ma te rial is ex cep tion ally abun dant (Fig. 10A),
de serve spe cial at ten tion. The rock con sists of frag mented and
comminuted shells of bi valves (i.a. com mon oys ters) and rare
ammonite frag ments, all mixed with well-pre served, al though
disarticulated shells of small bi valves and cri noids. The lat ter
are es pe cially abun dant in the up per most part of the sec tion
(Figs. 5 and 10B). All this skel e tal ma te rial is bound by muddy
ma trix. Shell de bris tends to show a patch work dis tri bu tion,
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Fig. 8. Erosional features from bioturbated mudstones of ore-bearing clays

A, B – deeply bur row ing bi valves: A – Pholadomya in life po si tion; view per pen dic u lar to the bed ding planes; B – Pleuromya ly ing flat on a
part ing plane; C – ero sional scour in mudstone, filled with fine-grained sand: hor i zon tal lam i na tion en hanced by thin clay coat ings; view per -
pen dic u lar to the bed ding planes; A, C – Gnaszyn clay-pit, B – Anna clay-pit; A, B – scale bar is in centi metres, C – scale bar is 5 cm (photo C
by A. Uchman)

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

 Nomenclature after Shepard (1954)
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where zones rich in shell de bris, up to sev eral centi metres in
thick ness and a few metres in length, al ter nate with zones im -
pov er ished in skel e tal ma te rial. In places, flat elon gated
clay-chips, up to 3 cm long and 4 mm thick, were ob served
(Fig. 10A). Skel e tal mudstones are strongly dis turbed by large
biodeformational struc tures.

In ter pre ta tion. In lam i nated mudstones from the Zawiercie
re gion, frag mented and comminuted shells are the com mon
com po nent of event laminae (Leonowicz, 2013). Thus, sim i larly 
to the grain-size com po si tion, the shell de bris con tent ap pears
to ap prox i mate the amount of bioclastic ma te rial de rived from
shal lower parts of the ba sin. How ever, un like the de tri tal quartz
grains, the source area of shell de bris might be not only the
shal low nearshore zone, but also intrabasinal el e va tions in hab -
ited by ben thic fauna. This di ver si fi ca tion of source ar eas ex -
plains well the dif fer ence be tween fluc tu a tion trends of shell de -
bris con tent and the sand, silt and clay pro por tions.

DISCUSSION

SEDIMENTARY ENVIRONMENT

The sim i lar ity of sed i men tary struc tures from the stud ied
de pos its to those de scribed from the lam i nated mudstones in
the Zawiercie area (Leonowicz, 2013) sug gests com mon caus -
ative pro cesses. These in volved near-bed sus pen sion cur -
rents, which re worked bot tom sed i ment and trans ported the
coars est ma te rial as a bedload (Leonowicz, 2013). De po si tion
from sus pen sion flows is sup ported by the pres ence of sev eral
fea tures, such as graded laminae, laminae with sharp bot tom
and gradational up per con tacts, fine par al lel lam i na tion and
graded rhythmites. Ev i dence of trac tion trans port in cludes flat
silt-sand lenses show ing cross-lam i na tion and low-an gle lam i -
na tion, whereas the in versely graded laminae and sharp-
 bounded silt-sand laminae re flect the cur rent re work ing of bot -
tom sed i ment, linked with the win now ing of fine par ti cles
(Leonowicz, 2013). Such a mode of or i gin al lows in ter pret ing
the coarse-grained laminae as event de pos its, which re cord
high-en ergy ep i sodes in ter rupt ing quiet back ground sed i men -
ta tion from sus pen sion. These ep i sodes might be linked with
dif fer ent pro cesses, in clud ing storm-gen er ated off shore cur -

rents, tur bid ity cur rents and hyperpycnal flows main tained by
waves and tides. The oc cur rence of turbidites (sensu Seilacher, 
1991) in a shal low epicontinental sea is lit tle prob a ble, as their
gen er a tion needs slopes steep enough to sup port auto -
suspension. They are com mon on con ti nen tal slopes, but not
on gently in clined shelf plat forms. Thus, the or i gin of the
coarse-grained laminae can be linked with storms and tides.
Both can gen er ate low-den sity sus pen sion cur rents, which pro -
duce se quences of struc tures sim i lar to those re ported from
fine-grained turbidites (e.g., Stow and Shanmugam, 1980; Hill,
1984; Stow and Piper, 1984; Pedersen, 1985; Myrow, 1992)
and ob served also in the de pos its stud ied. If de liv ery of
fine-grained sed i ment to the nearshore zone is high, storms
and tides can also gen er ate wave- and cur rent-sup ported den -
sity flows, which carry sus pended sed i ment in the form of fluid
mud layer (Wright and Friedrichs, 2006). Such hyperpycnal lay -
ers are com monly ob served in mod ern shelf en vi ron ments and
are the im por tant mech a nism of sed i ment re dis tri bu tion from
the in ner shelf to the mid- and outer-shelf zones. Ac cord ing to
Schieber and Yawar (2009), the lower por tion of the fluid mud
layer is trans ported as a bedload, whereas the up per one
moves as a mud-rich sus pen sion. The set of sed i men tary struc -
tures from lam i nated mudstones in the Zawiercie area, es pe -
cially cross-lam i na tion ob served in mud lay ers, in di cates that at
least part of the muddy sed i ment was trans ported by trac tion
(Leonowicz, 2013). Thus, it is likely that be sides the low-den sity
sus pen sion cur rents, such wave- and cur rent-sup ported den -
sity flows might have played an im por tant role in de po si tion of
ore-bear ing clays (cf. Leonowicz, 2013). Tak ing into ac count
the ran dom dis tri bu tion of the coarse-grained event laminae in
mudstones, it is more likely that their or i gin was linked with
storm ep i sodes rather than with tides, which are the cy clic phe -
nom e non and would re sult in more reg u lar al ter na tions of fine-
and coarse-grained de pos its. This, how ever, does not ex clude
the oc cur rence of tides in the ba sin and their con tri bu tion to the
resuspension of sed i ment in the nearshore area.

Thicker ac cu mu la tions of coarse-grained ma te rial, such as
silt-, sand- and shell-de bris-rich lev els, not ob served in the lam i -
nated mudstones, also re veal fea tures sug gest ing their storm
or i gin. Sed i men tary struc tures, such as sand/silt lenses, dis -
crete cross-lam i na tion and the con vex-up po si tion of bi valve
shells, point to de po si tion by bot tom cur rents, pre ceded by ero -
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Fig. 10. Skeletal mudstones from the upper part of the Sowa + Gliñski 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
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sion marked by clay-chips. The ep i sodes of de po si tion might be 
fol lowed, in some cases, by wave re work ing, which is sug -
gested by the con vex-down po si tion of shells. Al ter na tively, this
fea ture might re sult from the rapid de po si tion from sus pen sion,
sug gest ing that bot tom cur rents would have a com plex char ac -
ter: in the lower part, the sed i ment would be trans ported as a
bedload, in the up per one – as a sus pen sion. The bi modal sort -
ing of skel e tal ma te rial points to its mixed or i gin, i.e. the der i va -
tion of comminuted shells from shal low parts of the ba sin and in
situ re work ing of well-pre served valves of small bi valves, which
could be even tu ally trans ported for a short dis tance. Such com -
po si tion of shell beds, com bined with fea tures re cord ing cur -
rents ac tiv ity, is char ac ter is tic of tempestite con cen tra tions
(Fürsich and Oschmann, 1993) and sug gests that the lev els
rich in sand, silt and shell de bris rep re sent storm-event de pos -
its. Sim i lar in ter pre ta tion was pro posed by Leonowicz (2012) for 
the sand, silt and shell de bris ac cu mu la tions from the Gnaszyn
clay-pit, and by Merta and Drewniak (1998) for the coarse-
 grained ho ri zon from the Kawodrza clay-pit, in ter preted as a
storm lag de posit.

Skel e tal mudstones from the Lower Bathonian convergens
and macrescens subzones re cord the most abun dant and pro -
longed sup ply of shell de bris. They con tain comminuted
bioclastic ma te rial mixed with well-pre served bi valve shells.
Such com po si tion is char ac ter is tic of prox i mal tempestites and
storm wave-base con cen tra tions (Fürsich and Oschmann,
1993), re flect ing der i va tion of fine shell de bris from the zone
above the fair-weather wave base com bined with the re work ing
of bi valves at the depositional site. The high-en ergy con di tions
that ac com pa nied de po si tion of skel e tal mudstones are sup -
ported by the oc cur rence of clay-chips re sult ing from eroded
semiconsolidated muddy bot tom. Tak ing into ac count the rel a -
tively large thick ness of skel e tal mudstones (>2 m), these de -
pos its may be in ter preted as amal gam ated storm beds that ac -
cu mu lated above the storm wave base. The high est en ergy
con di tions are re corded in the up per most part of the sec tion,
con tain ing skel e tal mudstones with abun dant cri noids. These
de pos its re sulted from the pro longed re work ing in a high-en -
ergy en vi ron ment, which en riched the sed i ment with the most
re sis tant el e ments and elim i nated more frag ile frag ments (cf.
Jennette and Pryor, 1993). It is pos si ble that they ac cu mu lated
close to, or above, the fair-weather wave base.

The com mon oc cur rence of storm-event de pos its through -
out the suc ces sion stud ied points to rel a tively high-en ergy con -
di tions pre vail ing in the ba sin and sug gests that the sed i men ta -
tion was dom i nated by storms. The lack of par al lel-or dered fab -
ric in some in ter vals seems to be the re sult of in tense
bioturbation rather than its ini tial ab sence. Al though storm pro -
cesses af fected the sea bot tom through out the time of de po si -
tion, their in ten sity was vari able and re sulted in the dif fer ent
thick ness and types of event laminae. The thin silt/sand
laminae, par al lel stripes from clay-rich mudstones and bed -
ding-plane ac cu mu la tions of shell de bris ap pear to re cord the
weak est storm in flu ence. More in tense storm in flu ence re sulted 
in the de po si tion of silt/sand lenses and par al lel stripes pres ent
in the shell de bris- and sand-rich mudstones. Still stron ger pro -
cesses led to the ac cu mu la tion of silt-, sand- and shell-de -
bris-rich lev els. The high est en ergy con di tions were re corded
by thick beds of skel e tal mudstones, which re cord the pe ri ods
when the wave base reached the bot tom at depositional site.

The in ten sity of storm pro cesses de pends on at mo spheric
con di tions and ba sin’s depth. The other fac tors in flu enc ing
com po si tion of storm-event de pos its are the dis tance of
depositional site from the source of coarse-grained ma te rial de -
rived mainly from the nearshore, as well as the ini tial com po si -
tion of sed i ment ac cu mu lated in the shal low wa ter zone. The

lat ter may be in flu enced by cli mate, de ter min ing weath er ing
type, which in turn af fects the min eral com po si tion and amount
of ma te rial sup plied by rivers. The Mid dle Ju ras sic cli mate in
Eu rope was warm, hu mid and sub jected to in sig nif i cant fluc tu a -
tions dur ing the Bajocian–Bathonian pe riod (e.g., Hal lam, 1985, 
2001; for sum mary see Pieñkowski et al., 2008). Thus, the cli -
ma tic fac tor is un likely to have af fected sig nif i cantly the com po -
si tion of event de pos its, which would then re flect mainly the in -
ten sity of storm pro cesses and the prox im ity of depositional
site. Ac cord ing to these as sump tions, in ter vals abound ing in
thick event beds would re cord de po si tion in shal low and rel a -
tively prox i mal lo ca tions, whereas those con tain ing only the
relicts of thin event lam i na tion would re flect deeper, dis tal set -
tings. In the bioturbated units of the ore-bear ing clays, event
laminae were de stroyed by bioturbation and mixed with the
back ground clay-rich de posit, but the orig i nal amount and thick -
ness of them are now re flected by the grain size of mudstones.
Gen er ally, the high con tent of sand and silt in the de pos its sug -
gests rel a tive prox im ity of the shore line dur ing the time of de po -
si tion. How ever, the vary ing sand, silt and clay ra tio points to the 
fluc tu a tion of the shore line po si tion and cre ates the ba sis for
dis tin guish ing seven transgressive-re gres sive cy cles in the
suc ces sion (Fig. 5). They are dis cussed in de tail in the next sec -
tion. It should be noted that the fluc tu a tion of the shore line po si -
tion is not iden ti fied here with eustatic sea level changes. As
many au thors al ready em pha sized, shore line shifts can also re -
sult from a chang ing sed i ment sup ply and vary ing ac com mo da -
tion due to re gional tec tonic pro cesses (e.g., Hal lam, 1988;
Posamentier et al., 1988).

The wa ter depth may be de ter mined only ap prox i mately be -
cause of the scar city of well-pre served bathymetric in di ca tors.
The lack of struc tures of wave or i gin in most event de pos its
sug gests that the bot tom was prev a lently be low the storm wave
base. The sed i ment re sus pend ed by storm waves in the
nearshore zone was re dis trib uted off shore by gra di ent cur rents
and fi nally de pos ited be low the storm wave base. It might get
above this level dur ing ex cep tion ally strong storms and dur ing
pe ri ods of sig nif i cant shallowing of the ba sin, re corded by skel e -
tal mudstones and ho ri zons rich in silt, sand and shell de bris.
How ever, the bathymetric lo ca tion of depositional set ting be low
the storm wave base does not nec es sar ily mean that the sea
was deep. Stud ies of mod ern and an cient ma rine de pos its have 
shown that in en closed epeiric seas, the av er age ef fec tive
storm wave base usu ally does not ex ceed 30 ± 10 m and in
shal low siliciclastic bas ins it may shal low even to 15 ± 5 m
(Immenhauser, 2009). Be cause in the Mid dle Ju ras sic the
Silesian–Cra cow re gion was sit u ated in a mar ginal part of the
Pol ish Ba sin, it may be in ferred that the ba sin depth in the study
area gen er ally ex ceeded 20 m, but pe ri od i cally it might be shal -
lower.

The im por tant fea ture of the sed i men tary en vi ron ment of
the ore-bear ing clays was the oc cur rence of re cur rent, short ep -
i sodes of ero sion. Merta and Drewniak (1998) and Zatoñ et al.
(2011) sug gested that some sid er ite ho ri zons might have de vel -
oped along ero sional sur faces. The pres ent study shows that
the ero sion of bot tom sed i ment was more com mon, al though it
af fected mainly the up per most, soft part of sed i ment col umn
and hence, it is dif fi cult to de tect. The fre quency of the oc cur -
rence of ero sional sur faces, based mainly on the ex humed bi -
valves, may be sig nif i cantly un der es ti mated, as the to tal
amount of benthos in the suc ces sion strongly de pends on
chang ing en vi ron men tal con di tions. Thus, many ep i sodes of
ero sion might have not been re corded due to the scar city of bur -
row ing bi valves. De spite that, ero sional sur faces oc cur com -
monly through out the suc ces sion. This in di cates that it is con -
sid er ably in com plete, al though deep ero sion was rather rare. It
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is there fore likely that this part of the ba sin was sit u ated prev a -
lently in the by pass zone or, dur ing the pe ri ods of shallowing, in
a more prox i mal zone, from which sed i ment was pe ri od i cally
washed away dur ing storms. De po si tion took place mainly dur -
ing wan ing stages of storms and in the fair-weather con di tions.
The vari able in ten sity of ero sional pro cesses ex plains well the
or i gin of in ter vals with com mon ammonites, sug gest ing a de -
crease in sed i men ta tion rate. They prob a bly re flect more in ten -
sive ero sion and sed i ment win now ing, rather than de creased
sed i ment sup ply.

The long-last ing pe ri ods, char ac ter ized by pre dom i nance of 
ero sion, are re corded by ho ri zons of hi a tus con cre tions, re -
ported by Zatoñ et al. (2011) from six ex po sures of ore-bear ing
mudstones. Such con cre tion ho ri zons have not been iden ti fied
in the co eval strata stud ied here (Fig. 11). The only ex cep tion is
the Gnaszyn clay-pit, in which Zatoñ et al. (2011) ob served few
iso lated con cre tions ly ing on the clay-pit floor. How ever, their
strati graphic po si tion has not been es tab lished and no hi a tus
ho ri zon has been found by the pres ent au thor in this ex po sure.
Thus, it seems that the rate of sed i men ta tion was sig nif i cantly
de creased only in some parts of the ba sin and, as a re sult, the
ho ri zons of hi a tus con cre tions are now of a lo cal ex tent. Ac -
cord ing to Fürsich et al. (1992), the for ma tion of this type of con -
cre tions re quires si mul ta neous cur rent re work ing and re duced
sed i men ta tion rate. It is likely that the hi a tus ho ri zons from the
Silesian–Cra cow area could be linked with intrabasinal swells,
where the sed i men ta tion rate was lower and the ero sion more
in ten sive than in the in ter ven ing lows. The as so ci a tion of hi a tus
con cre tions with short-lived bot tom el e va tions, form ing due to
the syndepositional tec ton ics, was re ported by Wetzel and Allia
(2000) from the Mid dle Ju ras sic of Swit zer land. Dif fer en ti a tion
of the sea-floor into swells and de pres sions, re sult ing from salt
move ments and syndepositional faults, is a phe nom e non
known from the epicontinental ba sin of Po land (e.g., Dadlez,
1994; Feldman-Olszewska, 1997). On a smaller scale, it was
also pos tu lated for the south ern part of the Mid dle Ju ras sic Pol -
ish Ba sin, based on the dif fer ences in sed i ment thick ness and
the oc cur rence of nep tu nian dykes (Barski, 1999, 2012b).

TRANSGRESSIVE-REGRESSIVE CYCLES AND DEPOSITIONAL HISTORY

As was men tioned above, the in ter pre ta tion of transgres -
sive-re gres sive (T-R) cy cles is based on the grain-size vari a tion 
of mudstones and the con tents of sed i men tary struc tures
(Fig. 5). Typ i cal T-R cy cle con sists of a transgressive in ter val
show ing up ward in crease of clay and de crease in sand con tent, 
fol lowed up by a re gres sive in ter val show ing an up ward op po -
site tex tural trend. It should be stressed that the ab so lute val ues 
of clay, silt and sand con tents may vary lat er ally in co eval de -
pos its in re sponse to chang ing depositional con di tions; how -
ever, ver ti cal grain-size trends re main un changed (Fig. 5; cf.
Leonowicz, 2012). The con tents of par tic u lar grain-size classes 
may also dif fer be tween equiv a lent parts of sub se quent cy cles
(transgressive and re gres sive in ter vals) as a re sult of a dif fer ent 
range of par tic u lar trans gres sions (cf. Feldman-Olszewska,
1998). Other sed i ment fea tures, such as ho ri zons of hi a tus con -
cre tions, ammonite oc cur rences, ero sional struc tures and
coarse-grained lev els, can not be clearly linked in terms of fre -
quency of oc cur rence with any spe cific parts of T-R cy cles. For
ex am ple, ho ri zons of hi a tus con cre tions of ten ac com pany
prog ress and max i mum of trans gres sions, but they can also oc -
cur in re gres sive in ter vals (Fig. 11). Silt-, sand- and shell-de -
bris-rich lev els may ac com pany late phases of re gres sions, but
they can also oc cur in transgressive parts (Fig. 5).

The dat ing of cy cles bound aries is based on high-res o lu tion
ammonite biostratigraphy (Matyja and Wierzbowski, 2000,
2003, 2006b; Fig. 5). The thick nesses of T-R cy cles range from
9 to 22 m, how ever, these val ues are only ap prox i mate, as most 
of cy cles in clude un ex posed in ter vals of un known thick nesses
(Fig. 5). There are also in ter vals lack ing pre cise age de ter mi na -
tion that im pedes cor re la tion of sec tions and cred i ble as sess -
ment of the cy cle thick ness (e.g., TR4 cy cle in the Leszczyñski
and Gnaszyn sec tions).

The old est de pos its of the Mid dle Ju ras sic suc ces sion, ex -
posed in the Czêstochowa re gion, are of Late Bajocian age
(parkinsoni chron; Matyja and Wierzbowski, 2000). They re cord 
a prog ress of trans gres sion T1, which is re flected by the up ward
in creas ing clay con tent (Fig. 5). Ac cord ing to Feldman-
 Olszewska (1998), the Pol ish Ba sin ex panded at that time to
the west and south-west and cov ered the vast area of the Pol ish 
Low lands. At its max i mum ex ten sion, the sea flooded al most
the whole Wielkopolska Ridge. The prog ress of the trans gres -
sion and turn around to the fol low ing re gres sion in the
Silesian–Cra cow re gion is ac com pa nied by the for ma tion of hi a -
tus con cre tions, de scribed by Zatoñ et al. (2011) from the
Wieluñ area (Fig. 11). The con cre tions prob a bly re cord the pe -
riod, in which the bot tom was sit u ated in the by pass zone. The
de crease of sed i men ta tion rate pro moted also the growth of
iso lated oys ter “reefs”, re ported by Matyja and Wierzbowski
(2000) from de pos its some what older than these ex posed in the 
Alina clay-pit. The max i mum of the trans gres sion falls within the 
early bomfordi subchron (Fig. 5) and is fol lowed by a short-last -
ing ep i sode of the im mi gra tion of Tethyan ammonoids (Zatoñ,
2011; Fig. 11). Dur ing the parkinsoni chron, strongly con densed 
shal low-ma rine de pos its formed in the Zawiercie area (in
Blanowice and prob a bly in Ogrodzieniec – Zatoñ et al., 2012;
Fig. 11). This area was lo cated in the south ern pe riph ery of the
ba sin ad ja cent to the Ma³opolska Land (Dayczak-Calikowska
and Moryc, 1988; Feldman-Olszewska, 1998).

Sub se quent re gres sion R1 is re corded by a sig nif i cant in -
crease in the sand con tent (Fig. 5). Ac cord ing to
Feldman-Olszewska (1998), the south west ern bound ary of the
Pol ish Ba sin re treated at that time to the north-east, ex pos ing
the Wielkopolska Ridge (Fig. 3A). The Silesian–Cra cow re gion
was then sep a rated from the rest of the Pol ish Ba sin by a pen in -
su lar area of this ridge that con tin ued fur ther to the south-east
as a sub ma rine el e va tion. The max i mum re gres sion falls at the
end of the bomfordi or the be gin ning of the convergens
subchron (Fig. 5) and was as so ci ated with the be gin ning of sed -
i men ta tion of shell-de bris-rich de pos its. The emer gence of the
Wielkopolska Ridge re sulted in the de vel op ment of an elon -
gated nearshore shoal that, to gether with the coastal zone of
the Ma³opolska Land, sup plied biogenic ma te rial to the sed i -
men tary ba sin. Si mul ta neously, the shallowing of the sea led to
ex pan sion of intrabasinal shal lows, fa vour ing the de vel op ment
of ben thic com mu nity that also sup plied bioclastic de bris. The
low er most shell-de bris-rich level oc cur ring be low sid er ite ho ri -
zon D in the Sowa + Gliñski sec tion marks the lower bound ary
of the first skel e tal mudstone com plex. It is likely that this level
rep re sents a re gres sive lag, re sult ing from the re work ing and
win now ing of the bot tom sed i ment, which ap proached close to
the storm wave base. The over ly ing skel e tal mudstones re cord
de po si tion in rel a tively shal low, high en ergy con di tions, prob a -
bly within the range of storm waves.

A sim i lar type of de po si tion con tin ued also dur ing the be gin -
ning of trans gres sion T2, re corded by the sig nif i cant de crease in 
the sand con tent (Fig. 5). The ex pan sion of the sea co in cides
with the de po si tion of con densed, oncoid-bear ing cal car e ous
de pos its in the pe riph eral part of the ba sin (Ogrodzieniec near
Zawiercie, Zatoñ et al., 2012). Al though biostratigraphic dat ing
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Fig. 11. Comparison of transgressive-regressive cycles proposed for the succession studied with Middle Jurassic cycles from
central Poland (Pieñkowski et al., 2008) and the eustatic curve of Hallam (1988)

The scheme of sea level changes in Middle Bathonian (Gedl et al., 2012), the range of ammonoid bio-events (Zatoñ, 2011) and the
distribution of some characteristic Middle Jurassic deposits from Silesian–Cracow region (Zatoñ et al., 2011, 2012); T – transgression, R –
regression, mfs – maximum flooding surface, ts –transgression surface, H – high sea level, L – low sea level; for explanation of lithological
symbols see Figure 5



of these rocks is not pre cise (parkinsoni–macrescens
subchrons), Zatoñ et al. (2012) sug gest that they orig i nated in
the Early Bathonian. This age de ter mi na tion is con sis tent with
the pos tu lated max i mum of the trans gres sion that falls in the
mid-macrescens subchron. The high con tent of shell de bris dis -
persed in the mudstones and the oc cur rence of shell-de -
bris-rich lev els point to the con tin ual sup ply of bioclastic ma te -
rial, linked with the prox im ity of shal low-wa ter zone. It seems
that the trans gres sion led to the land ward shift of shore line, but
not to a sig nif i cant deep en ing in the off shore area. The source
area of biogenic ma te rial was still a shal low-wa ter zone ad join -
ing the Ma³opolska Land as well as intrabasinal shal lows. The
flood ing of the Wielkopolska Ridge, sug gested by Feldman-
 Olszewska (1997), might even widen the area of shal low-wa ter
biogenic sed i men ta tion, re sult ing in a plen ti ful sup ply of shell
de bris.

Re gres sion R2 be gan in the mid-macrescens subchron and
is re corded by the sig nif i cant in crease in sand con tent ac com -
pa nied by es pe cially abun dant shell de bris sup ply (Fig. 5). The
in crease in sand con tent sug gests short en ing of the dis tance
from the shore line, whereas the oc cur rence of skel e tal
mudstones rich in cri noids points to the shal low-wa ter en vi ron -
ment, in which the bot tom was re cur rently re worked by waves.
A more de tailed re con struc tion of re gres sion R2 is im peded by
the lack of ex po sures. How ever, it seems that this in ter val re -
cords the shal low est and the most prox i mal depositional en vi -
ron ment in the en tire suc ces sion stud ied.

The old est de pos its over ly ing this re gres sive in ter val are of
the Early Bathonian age (yeovilensis subchron – Matyja and
Wierzbowski, 2000) and may rep re sent ei ther the late phase of
trans gres sion T3, the be gin ning of which falls on the un ex posed
part of the suc ces sion, or the early phase of re gres sion R3

(Fig. 5). The clay, silt and sand con tent in the low er most part of
the Leszczyñski sec tion is sim i lar to that in the pre ced ing re -
gres sion R2 and points to a sim i lar dis tance from the shore line.
The si mul ta neous de cline of shell de bris may re flect ei ther an
in crease in fine-grained sed i ment sup ply, sup press ing biogenic 
sed i men ta tion, or the sink ing of intrabasinal shoals. The first
op tion is hardly prob a ble. In creased sed i ment sup ply may be
caused by ei ther cli mate change or tec tonic up lift in the hin ter -
land. How ever, the cli mate dur ing the stud ied pe riod was rel a -
tively con stant and the sim i lar ity of grain-size com po si tion be -
tween the sed i ment in ques tion and the un der ly ing de pos its
rules out a tec tonic trig ger. Thus, the most likely ex pla na tion of
the shell de bris de cline is the one as sum ing sink ing of
intrabasinal shoals. This sink ing was likely caused by dif fer en -
tial sub si dence of the Silesian–Cra cow re gion rather than the
re gional sea level rise in the whole ba sin and re sulted in the lo -
cal deep en ing of the bot tom be yond the range of storm waves.
By anal ogy to this event, the pre ced ing pe riod of bioclastic de -
po si tion dur ing re gres sion R2 might be linked with a tec tonic up -
lift in the source area (i.e. south part of the Wielkopolska Ridge)
rather than with a basinwide sea level fall. Based on dif fer ences 
in sed i ment thick nesses, Feldman-Olszewska (1997) pos tu -
lated tec tonic ac tiv ity in the south east ern part of the
Wielkopolska Ridge dur ing the Aalenian and Bajocian. The
over all ces sa tion of this ac tiv ity in the Early Bathonian does not
pre clude pro longed lo cal tec tonic move ments. As sum ing such
in ter pre ta tion, the in crease of sand con tent dur ing re gres sion
R2 would then re sult from the en hanced sed i ment sup ply
caused by tec tonic up lift of the south part of the Wielkopolska
Ridge and not from the re gional sea level fall in the en tire ba sin.
Thus, the R2 in ter val may be in ter preted as an event of lim ited
ex tent, com bin ing lo cal tec ton ics and shore line progradation
that lo cally in ter rupted the prog ress of a re gional trans gres sion
(T2 + T3; Fig. 11). 

The in crease in sand con tent tak ing place in the yeovilensis
subzone (Fig. 5) re cords re gres sion R3. The late phase of this
re gres sion in the Czêstochowa re gion is ac com pa nied by fre -
quent ammonite oc cur rences re sult ing from the de creased sed -
i men ta tion rate. Sed i men ta tion slow down was caused most
prob a bly by the more in tense scour ing of the bot tom not com -
pen sated by sed i ment sup ply that was less abun dant at that
time than in the early zig zag chron. The de creased (com pared
with re gres sion R2) sup ply of ter res trial ma te rial can be linked to 
a di min ish ing of the source area, caused by the flood ing of the
Wielkopolska Ridge. The max i mum of re gres sion R3 falls into
the early tenuiplicatus chron (Fig. 5). 

Trans gres sion T4 be gan in the tenuiplicatus zone (Fig. 5).
The oc cur rence of sev eral silt and sand-rich lev els in this part of
the suc ces sion in di cates that, de spite the trans gres sion prog -
ress, the site’s dis tance from the shore line was still rel a tively
short. The good pres er va tion of these lev els and other event
laminae, which com monly oc cur in the up per most part of the
Leszczyñski sec tion, re sults from the in com plete bioturbation of 
mudstones by small and me dium-sized an i mals. The early
stage of trans gres sion T4 co in cides with the bio-event of pro lif -
er a tion of a di mor phic pair of the ammonoid Asphinctites
tenuiplicatus (Fig. 11), de scribed by Zatoñ (2011) who links this
event with the eutrophication of sea wa ter dur ing trans gres sion.
Ac cord ing to Feldman-Olszewska (1998) and Pieñkowski et al.
(2008), the sea ex panded at that time far to the south west and
for the first time en croached onto the East Eu ro pean Plat form.
Dat ing of the trans gres sion max i mum is im pos si ble at the mo -
ment. It falls to the up per most part of the Leszczyñski sec tion
and low er most part of the Gnaszyn sec tion, the age of which
ranges from the up per tenuiplicatus to lower subcontractus
zones, but has not been yet pre cisely de ter mined. The cor re la -
tion of these two sec tions, pre sented in Fig ure 5, is based on
the grain-size trend and, as such, is pro vi sional and has no
strati graphic value. The trans gres sion max i mum is prob a bly re -
corded by the clayey-sandy de pos its with oncoids, which orig i -
nated in the Zawiercie re gion at the pe riph ery of the ba sin
(Zatoñ et al., 2012; Fig. 11). How ever, the Bajocian–Lower
Bathonian part of the suc ces sion from Zawiercie is strongly
con densed and in com plete. The pos si ble age of oncoids, in -
ferred from the as so ci ated ammonite fauna, spans the
tenuiplicatus to subcontractus zones and does not help to date
the max i mum of trans gres sion. 

The sig nif i cant in crease in sand con tent is a re cord of re -
gres sion R4 (Fig. 5). The be gin ning of the re gres sion is dif fi cult
to de ter mine (see dis cus sion above) and falls in the pe riod from
the tenuiplicatus to subcontractus chrons. Its max i mum took
place in the late subcontractus or early morrisi chron. The oc -
cur rence of silt, sand and shell-de bris-rich lev els be low and
above the N sid er ite ho ri zon re flects in creased sup ply of coarse 
ma te rial, ac com pa ny ing the prog ress of the re gres sion. Good
pres er va tion of these ho ri zons re sults from the in com plete
bioturbation of the mudstone, prob a bly linked with ep i sodic de -
po si tion of thick sed i ment blan kets. The rel a tively thick
coarse-grained lev els, de pos ited in the late phase of the re gres -
sion (above the N sid er ite ho ri zon), may rep re sent re gres sive
lags ac cu mu lated as a re sult of pro longed re work ing of the sed i -
ment by bot tom cur rents and storm waves. The ac tiv ity of the
for mer is con firmed by in dis tinct cross-lam i na tion ob served in
the low est level (Figs. 5 and 7).

Trans gres sion T5 be gan in the late subcontractus or early
morrisi chron and lasted un til the early bremeri chron (Fig. 5). At
that time, the con tin u ous sed i men ta tion of typ i cal dark grey
mudstones be gan in the Zawiercie area (Zatoñ et al., 2012). It
per sisted un til the end of the Bathonian and passed grad u ally
into Callovian sandy-cal car e ous sed i men ta tion (Barski et al.,
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2004). The prog ress of trans gres sion T5 in the Silesian–Cra cow 
re gion was ac com pa nied by fre quent ammonite oc cur rences
(Fig. 5). These re sulted from the more in ten sive scour ing of the
bot tom caused pos si bly by its tran si tion into the by pass zone.
The re work ing and ero sion of the bot tom sed i ment led also to
the for ma tion of hi a tus con cre tions de scribed by Zatoñ et al.
(2011) from Bugaj near Czêstochowa (Fig. 11). The age of
these con cre tions was de ter mined as the subcontractus or
morrisi chron. How ever, con sid er ing that the ero sion was much
more in tense in the morrisi chron, it is likely that hi a tus ho ri zons
also formed at that time. The late phase of trans gres sion T5 and
the early phase of next re gres sion are char ac ter ized by the lack
of de tect able ero sional sur faces (Fig. 5). It is pos si ble that the
grow ing dis tance from the shore line led to the pas sage of the
bot tom from the by pass zone to more dis tal po si tion, in which
the sed i ment brought from the nearshore was de pos ited. The
weak en ing of ero sional pro cesses and ac cu mu la tion of the sig -
nif i cant amount of sed i ment de rived dur ing storms re sulted in
in creased sed i men ta tion rate and more com plete pres er va tion
of this part of the suc ces sion.

Re gres sion R5 be gan in the early bremeri chron and
achieved its max i mum dur ing the late bremeri chron (Fig. 5).
The prog ress of the re gres sion as well as the be gin ning of the
next trans gres sion in the Silesian–Cra cow re gion are ac com pa -
nied by fre quent in ter vals with com mon ammonites, which sug -
gest that the sea bot tom was sub jected again to sed i ment by -
pass (Fig. 5). At that time, sub se quent ho ri zons of hi a tus con -
cre tions formed (Zatoñ et al., 2011; Fig. 11). Al though they
were found in other ex po sures (in the Zawiercie re gion) and
can not be pre cisely cor re lated with the sec tions stud ied, their
age de ter mi na tion (bremeri and/or lower retrocostatum chrons)
is con sis tent with the pe ri ods of de creased sed i men ta tion rate.
These pe ri ods are marked by com mon ammonite con cen tra -
tions, which pos si bly re flect in creased ero sion. The bremeri
chron is the time, when the long-last ing bio-event of pro lif er a -
tion and im mi gra tion of sev eral ammonoid spe cies be gan
(Zatoñ, 2011; Fig. 11). This event lasted un til the mid-retro -
costatum chron and may re cord the open ing of new sea ways
dur ing the ex ten sive Late Bathonian trans gres sion that en abled 
mi gra tion of ammonites (Zatoñ, 2011). The be gin ning of
ammonite mi gra tion dur ing the pe riod of re gional re gres sion
sug gests that the R5 ep i sode was, in fact, the time of sea level
stillstand and as so ci ated shore line progradation rather than the
ef fect of re gional sea level fall.

Trans gres sion T6 be gan in the late bremeri chron (Fig. 5)
and its max i mum falls into the early retrocostatum chron. It co -
in cides with a mid-stage of the bio-event of ammonoid pro lif er a -
tion and im mi gra tion, as well as with the pos si ble for ma tion of
hi a tus con cre tions. Its early phase was also linked with the in -
creased in ten sity of ero sion that in places led to the deep scour -
ing into the co he sive mud. The re sult of this ero sion is the re -
duced sed i men ta tion rate and con den sa tion, marked by the
com mon ammonite oc cur rences (Fig. 5). 

The Gnaszyn suc ces sion, rep re sent ing R4–T6 cy cles, was
re cently stud ied by Gedl et al. (2012). These au thors, based
mainly on micropalaeontological and palynofacies anal y ses,
noted fluc tu a tions in nu tri ent sup ply and in ter preted them in
terms of sea level changes. They dis tin guished four
transgressive-re gres sive cy cles in the suc ces sion. The com -
par i son of their in ter pre ta tion with that pro posed in the pres ent
pa per (Fig. 11) shows that these short-last ing T-R cy cles rep re -
sent sub or di nate ep i sodes, linked prob a bly with dif fer en tial sed -
i men ta tion rate, which led to the shore line fluc tu a tion. Sim i lar
cy cles may be also in ter preted from the grain-size logs (Fig. 5),
al though bound aries of these cy cles are slightly shifted in re la -
tion to those pro posed by Gedl et al. (2012). The only dis tinct

dis crep ancy in both in ter pre ta tions con cerns the in ter val lo -
cated be tween sid er ite ho ri zons P and R, which is linked by
Gedl et al. (2012) with re gres sion, whereas the grain-size anal y -
sis points to trans gres sion and a rel a tively dis tal en vi ron ment.
The ex pla na tion of this dif fer ence may be linked with the in -
ferred mode of de po si tion. The in ter pre ta tion of Gedl et al.
(2012) is based on the as sump tion that the terrigenous ma te rial
was de pos ited from sus pen sion and sup plied di rectly from the
land to the depositional set ting. The sedimentological anal y sis
shows, how ever, that most of the sed i ment was re dis trib uted
dur ing storms from the ini tial place of de po si tion by off shore-di -
rected cur rents. As men tioned above, the in ter val in ques tion
re cords prob a bly the time, in which the bot tom switched from
by pass to ac cu mu la tive mode. Thus, the fea tures con sid ered to 
be typ i cal of prox i mal set tings, such as the prev a lence of
terrigenous el e ments in palynofacies com po si tion, op por tu nis -
tic plank tonic as sem blages and the prev a lence of sporomorphs 
of the Low land Ecogroup (Gedl et al., 2012), might be in her ited
from the ini tial place of de po si tion, from which the sed i ment was 
brought in Pieñkowski (2004) and Pieñkowski and Waks -
mundzka (2009) re ported a sim i lar phe nom e non, called
“palynofacies in ver sion – type 2”, from Lower Ju ras sic de pos its
of Po land. More over, the in creased rate of de po si tion and as so -
ci ated higher in flux of or ganic par ti cles, lead ing to the ox y gen
de ple tion within the bot tom sed i ment, need not be the re sult of a 
prox i mal lo ca tion, but may re flect the de creased in ten sity of
ero sion in more dis tal sites.

Re gres sion R6 be gan in the early retrocostatum chron and
reached its max i mum in the mid/late retrocostatum chron
(Fig. 5). It is re corded by the sig nif i cant in crease in the sand
con tent (up to 40%). The retrocostatum chron co in cides also
with the late stage of the bio-event of ammonoid pro lif er a tion
and im mi gra tion (Zatoñ, 2011; Fig. 11), which points to the ex -
pan sion of the sea. All this ev i dence sug gests that it was a pe -
riod of fast shore line progradation that oc curred lo cally in the
Silesian–Cra cow re gion dur ing the stillstand con di tions. Con se -
quently, the last trans gres sion T7, re corded by the grad ual in -
crease in clay con tent (Fig. 5), may be in ter preted as a con tin u -
a tion of the ear lier trans gres sion T6. In the early phase of re -
gres sion R6, ero sional pro cesses, marked by ex humed bi -
valves, were not com mon. In the late phase, they were much
more abun dant and led to the de crease in sed i men ta tion rate,
re corded by com mon ammonites. It is pos si ble, al though not
proved, that hi a tus con cre tions also formed at that time (Zatoñ
et al., 2011).

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

To ver ify whether the T-R cy cles from the Czêstochowa re -
gion re cord fluc tu a tions of the re gional sea level in the en tire
Pol ish Ba sin or re flect some lo cal pro cesses, they were cor re -
lated (Fig. 11) with cy cles dis tin guished in the suc ces sion from
cen tral Po land (Pieñkowski et al., 2008). The cor re la tion is
based on ammonite and dinoflagellate cyst biostratigraphy
(Feldman-Olszewska, 1997; Matyja and Wierzbowski, 2000,
2003, 2006b; Barski, 2007, 2008, 2012a; Pieñkowski et al.,
2008), how ever, dif fer ent pre ci sion of dat ing of de pos its stud ied 
in out crops (Czêstochowa) and bore holes (cen tral Po land) as
well as in com plete ness of the suc ces sion from Czêstochowa
make this cor re la tion ap prox i mate.

Cy cle TR1 (parkinsoni–bomfordi/early convergens?
subchrons) cor re lates well with cy cle TR3 from cen tral Po land,
which be gan in the garantiana chron and lasted un til the early
convergens subchron (Pieñkowski et al., 2008). Sim i larly, the
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early phase of trans gres sion T2+3, which be gan in the
convergens subchron cor re sponds to trans gres sion T4 that
com menced in the mid-convergens subchron and reached its
max i mum at the end of the macrescens subchron (Pieñkowski
et al., 2008). The cor re la tion of the late phase of trans gres sion
T2+3 is im peded by the lack of ex po sures in the Czêstochowa
re gion, which makes im pos si ble cred i ble dat ing of its max i -
mum. How ever, it can not be ex cluded that it co in cides with the
max i mum of trans gres sion T4 dis tin guished by Pieñkowski et
al. (2008). Re gres sion R2, re cord ing the shal low est con di tions
in the en tire suc ces sion stud ied, does not man i fest it self in the
suc ces sion from cen tral Po land and was likely lo cal.

Re gres sion R3 (yeovilensis–early tenuiplicatus subchrons)
cor re lates ap prox i mately with re gres sion R4 in cen tral Po land,
which be gan in the early yeovilensis subchron and lasted most
prob a bly un til the end of the tenuiplicatus chron (Pieñkowski et
al., 2008). The shift of the re gres sion max i mum be tween these
two re gions may arise from the im pre cise dat ing of de pos its
from cen tral Po land, be cause of the scar city of ammonite fauna
in this part of the suc ces sion. Thus, it can not be ex cluded that
the late phases of re gres sions R3 and R4 co in cide.

For the same rea son, the age de ter mi na tion of the next cy -
cle TR5 in cen tral Po land is un cer tain. Pieñkowski et al. (2008)
sug gest that the transgressive phase falls within the progracilis
chron and the re gres sive phase – in the subcontractus chron,
but this state ment is not suf fi ciently sup ported by ammonites. In 
the Czêstochowa re gion, de pos its dated at the progracilis zone
have not been doc u mented yet, al though it is likely that they oc -
cur in the Leszczyñski and Gnaszyn sec tions, cor re spond ing to
the max i mum of trans gres sion T4 and the be gin ning of re gres -
sion R4. Sim i larly, the oc cur rence of the subcontractus zone
was con firmed only in a thin in ter val of the Gnaszyn sec tion,
rep re sent ing the mid dle part of re gres sion R4 (Figs. 5 and 11).
Thus, at the mo ment, the cred i ble cor re la tion of cy cle TR4 with
the scheme from cen tral Po land is not pos si ble, al though it is
prob a ble that this cy cle cor re lates with cy cle TR5 dis tin guished
by Pieñkowski et al. (2008).

Cy cle TR5 (subcontractus/morrisi?–late bremeri chrons)
cor re lates ap prox i mately with cy cle TR6 in cen tral Po land
(morrisi – early retrocostatum chrons), al though the max i mum
of trans gres sion seems to be shifted in these two suc ces sions.
The rea son of this dis crep ancy may be un cer tainty in dat ing of
the trans gres sion max i mum in the suc ces sion from cen tral Po -
land, which is not suf fi ciently sup ported by ammonite fauna
(Pieñkowski et al., 2008). Thus, it can not be ex cluded that
trans gres sions T5 and T6 co in cide. Re gres sion R5 reached its
max i mum slightly ear lier than re gres sion R6, which prob a bly re -
sults from lo cal pro cesses, e.g., dif fer ent sed i men ta tion rates.
The mid dle and late phases of trans gres sion T6+7 (late bremeri
–retrocostatum chrons) cor re lates well with trans gres sion T7
that lasted through out the retrocostatum chron (Pieñkowski et
al., 2008). Re gres sion R6 does not man i fest it self in the suc ces -
sion from cen tral Po land, which sup ports its lo cal char ac ter.

The cy cles dis tin guished in the suc ces sion from
Czêstochowa cor re late partly also with the eustatic curve of
Hal lam (1988). Cy cle TR1 co in cides well with a dis tinct sea level 
rise on this curve fol lowed by a sub or di nate sea level fall
(Fig. 11). The fol low ing pro longed sea level rise on the Hal lam’s 
curve cor re sponds to the se ries of sub se quent trans gres sions
T2+3 and T4 in the Czêstochowa re gion. In ter ven ing re gres sions
R2 and R3 do not show up on the eustatic curve, which sup ports
their lo cal (R2) and re gional (R3) char ac ter. Re gres sion R4 fits
into a dis tinct sea level fall on the Hal lam’s curve and the next
trans gres sions T5 and T6+7 cor re late with a long-last ing sea

level rise. Re gres sions R5 and R6 had a lo cal or re gional ex tent
and are not marked on the eustatic curve. Hal lam (2001) sug -
gested that the Ju ras sic pe riod ex pe ri enced a grad ual rise of
sea level in ter rupted by stillstands rather than eustatic falls. Ac -
cord ing to him, the Late Bajocian–Late Bathonian parts of the
curve re flect a dis tinct eustatic rise that be gan in the Late
Bajocian and was in ter rupted by re gres sions of only re gional
ex tent, re lated to tec tonic events. This would mean that none of
the T-R cy cles dis tin guished in the pres ent study re sulted from
eustatic sea level changes, but were the events of re gional or
lo cal ex tent, which re corded rel a tive sea level changes in the
Pol ish Ba sin or in the Silesian–Cra cow re gion only.

CONCLUSIONS

The de tailed ex am i na tion of the ore-bear ing mudstones
from the Czêstochowa re gion re vealed com mon rel ics of sed i -
men tary struc tures, most of which re cord storm stir ring and
event sed i men ta tion. It doc u ments pe ri odic high-en ergy con di -
tions of mud de po si tion and in di cates that the ero sional events
ex erted a sig nif i cant im pact on the sed i men ta tion rate.

The mudstones were de pos ited in the mar ginal part of the
epicontinental Pol ish Ba sin. The sea bot tom was prev a lently
be low the storm wave base. How ever, the storm wave base
reached the sea-floor dur ing con sid er able shallowing of the ba -
sin in the early zig zag chron as well as dur ing ex cep tion ally
strong storms. The shal low est and high est en ergy con di tions
oc curred in the late macrescens subchron, when the bot tom
was close to, or above the fair-weather wave base. The es ti -
mated depth of the sea did not ex ceed sev eral tens of metres
and in some pe ri ods of time it could be even <20 m.

The sig nif i cant part of ac cu mu lated sed i ment was de rived
from the nearshore zone and intrabasinal shal lows by
storm-gen er ated bot tom cur rents that si mul ta neously re worked
and eroded the muddy bot tom. Ero sional sur faces are com mon
in the en tire suc ces sion, al though the ero sion af fected mainly
the up per most, soft part of sed i ment col umn. Pe ri ods of the in -
creased in ten sity of ero sional pro cesses are re corded by in ter -
vals with com mon ammonites and ho ri zons with hi a tus con cre -
tions. The lat ter formed in the by pass zone, rather than in the
shal low subtidal area, and were prob a bly linked to sea-floor el e -
va tions gen er ated by dif fer en tial sub si dence.

The thick ness and com po si tion of event-storm de pos its de -
pended on the in ten sity of storms and on the dis tance of
depositional site from the shore line. The anal y sis of sand, silt
and clay pro por tions, which ap prox i mates the orig i nal amount
of event laminae, al lowed dis tin guish ing seven transgres -
sive-re gres sive cy cles within the suc ces sion stud ied. Most of
these T-R cy cles cor re late roughly with the cy cles dis tin guished
by Pieñkowski et al. (2008) in the suc ces sion from cen tral Po -
land, al though the strati graphic po si tion of cy cle bound aries and 
trans gres sion max ima are usu ally slightly shifted be tween
these schemes. Based on this cor re la tion, it is sug gested that
cy cles TR1, TR2+3, TR5 and TR6+7 re flect rel a tive sea level
changes in the whole Pol ish Ba sin. Re gres sions R2 and R6 re -
cord smaller-scale events gen er ated by lo cal tec tonic ac tiv ity
and autocyclic shore line progradation. Cy cle TR4 can not be re li -
ably cor re lated with the cy cles from cen tral Po land due to the
lack of pre cise biostratigraphical con trol. Be sides geo log i cal
con straints, the vary ing pre ci sion of age de ter mi na tion and dis -
con tin u ous core and out crop re cord may also have con trib uted
to the ob served mis match be tween the TR cy cles across the
en tire Pol ish Ba sin.
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