
Geo log i cal Quar terly, 2013, 57 (2): 243–260
DOI: http://dx.doi.org/10.7306/gq.1092

The sig nif i cance of mudstone fab ric com bined with palaeo eco logi cal ev i dence 
in de ter min ing sed i men tary pro cesses – an ex am ple 

from the Mid dle Ju ras sic of south ern Po land

Paulina LEONOWICZ1, *

1 In sti tute of Ge ol ogy, Uni ver sity of War saw, ¯wirki i Wigury 93, 02-089 Warszawa, Po land

Leonowicz P. (2013) The sig nif i cance of mudstone fab ric com bined with palaeo eco logi cal ev i dence in de ter min ing sed i men -
tary pro cesses – an ex am ple from the Mid dle Ju ras sic of south ern Po land. Geo log i cal Quar terly, 57 (2): 243–260, doi:
10.7306/gq.1092

Anal y sis of the fab ric of lam i nated black mudstones of the Ore-Bear ing Czêstochowa Clay For ma tion (Bathonian, south ern
Po land) is used for re con struc tion of sed i men tary pro cesses and con di tions. Small-scale sed i men tary fea tures in di cate that
ore-bear ing clays were de pos ited be low storm-wave base in a shal low epicontinental sea, but struc tures re flect ing quiet set -
tling from sus pen sion are not com mon. Most of rec og nized lamina types re cord the ac tiv ity of bot tom cur rents gen er ated by
storms. The ben thic fau nal as so ci a tion in di cates that suboxic con di tions pre vailed on the sea-floor, re strict ing infaunal ac tiv -
ity to cryptobioturbation. Re cur rent short-lived reoxygenetion events, linked prob a bly to storms, re sulted in the de vel op ment
of dysoxic con di tions, re corded by a more di verse trace fos sil as so ci a tion (con sist ing of Chondrites, Trichichnus, pyritized
bur rows, Palaeophycus and Protovirgularia) and col o ni za tion of the sea-floor by epifaunal bi valves (Bositra). Truly anoxic
con di tions might have been briefly es tab lished, lead ing to mass mor tal ity of Bositra.

Key words: black mudstones, par al lel lam i na tion, storm de pos its, ichnofabric, bot tom ox y gen a tion, Ore-Bear ing
Czêstochowa Clay For ma tion.

INTRODUCTION

Mid dle Ju ras sic black mudstones in south ern Po land, re -
ferred to as the Ore-Bear ing Czêstochowa Clay For ma tion,
have re cently re ceived in creas ing in ter est as re gards their
palaeo ec ol ogy. The sed i men tary en vi ron ment of these dark,
or ganic-rich rocks that are for the most part strongly bioturbated 
and rich in di verse ben thic fauna still in spires study. In con trast
to the grow ing vol ume of lit er a ture on this de posit (for sum mary
see Zatoñ et al., 2009; Zatoñ, 2011), sedimentological stud ies
re main scarce (Merta and Drewniak, 1998; Gedl et al. 2006a, b, 
c; Leonowicz, 2012) and un der stand ing of the sed i men tary pro -
cesses, which largely de ter mined bot tom con di tions, has been
poor. This study in te grates microstructural and ichnofabric
anal y sis in re con struct ing sed i men tary pro cesses, en vi ron men -
tal en ergy and palaeo ec ol ogy of the sea-floor. It fo cuses on
lam i nated mudstones of the Ore-Bear ing Czêstochowa Clay
For ma tion, crop ping out in the cen tral part of the
Silesian– Cracow Up land in south ern Po land (Fig. 1). 

The Ore-Bear ing Czêstochowa Clay For ma tion is com -
posed of dark grey, or ganic-rich, cal car e ous mudstone with

sev eral ho ri zons of sid er ite and cal car e ous con cre tions, clayey
sid er ite bands and sub or di nate in ter ca la tions of sand stone
(Dayczak-Calikowska and Kopik, 1973). The greater part is
strongly bioturbated and rich in di verse ben thic fos sils; lam i -
nated, sparsely fossiliferous mudstones are much less com -
mon. Geo chem i cal and pet ro graph i cal stud ies point to de po si -
tion on a well-ox y gen ated sea-floor with si mul ta neously dysoxic 
or even anoxic con di tions pre vail ing within the sed i ment
(Marynowski et al., 2007; Szczepanik et al., 2007; Zatoñ et al.,
2009). They do not re veal sig nif i cant fluc tu a tion within the suc -
ces sion, sug gest ing sta ble re dox con di tions. No ev i dence of
an oxia or wa ter col umn strat i fi ca tion was found. Merta and
Drewniak (1998) de fined the en vi ron ment of de po si tion as a
ma rine ba sin with quiet or even stag nant wa ters and a slow rate
of de po si tion. Ac cord ing to them, sed i ment was de rived in the
form of sus pen sion clouds by storm-in duced low-en ergy bot tom 
cur rents. They in ter preted the en vi ron ment as an open ba sin or
es tu ary. Gedl et al. (2006a, b, c) and Leonowicz (2012) also
sug gested quiet ma rine con di tions, be low storm-wave base
and in ter rupted by high-en ergy storm ep i sodes, gen er at ing off -
shore cur rents. Al though these stud ies have sig nif i cantly im -
proved knowl edge of depositional pro cesses, they are to a high
de gree spec u la tive as they are based on strongly bioturbated
de pos its, in which only in dis tinct relicts of pri mary sed i men tary
struc tures are pre served. Other gen er al ized in ter pre ta tions of
the sed i men tary en vi ron ment of the ore-bear ing clays arose
from the anal y sis of micro fauna or of par tic u lar ho ri zons of sid -
er ite con cre tions. Garbowska et al. (1978) and Smoleñ (2006)
char ac ter ized the depositional set ting gen er ally as shal low to
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very shal low ma rine, in ter mit tently af fected by high-en ergy
events. Sim i larly, Zatoñ et al. (2011) de scribed ho ri zons of hi a -
tus con cre tions and linked their or i gin with a shal low, high-en -
ergy subtidal en vi ron ment.

This pa per pro vides ev i dence that gen er ally sup ports pre vi -
ous in ter pre ta tions of the sed i men tary en vi ron ment for the
Ore-Bear ing Czêstochowa Clay For ma tion, but in di cates much
more im por tant role of bot tom cur rents in mudstone de po si tion
than has been pre vi ously con sid ered. This un der lines the util ity
of microstructural anal y sis in de ter min ing sed i men tary pro -
cesses and shows that shale fab ric anal y sis com bined with
palaeo eco logi cal ev i dence may serve as an ef fi cient tool in
study ing fine-grained rocks.

GEOLOGICAL SETTING

The Ore-Bear ing Czêstochowa Clay For ma tion con sti tutes
the main part of the Mid dle Ju ras sic suc ces sion in the
Silesian–Cra cow Up land. It was de pos ited in a shal low
epicontinental sea, termed the Pol ish Ba sin (Fig. 2A; Dadlez,
1989), which was the east ern most arm of the Cen tral Eu ro pean 
Ba sin Sys tem (CEBS; Pieñkowski et al., 2008). Dur ing the Ju -
ras sic, the Pol ish Ba sin was sur rounded from the north-east,
east and south-west by land (Fig. 2A), which served as a source 
area for clastic ma te rial (Dadlez, 1989; Feldman-Olszewska,
1997; Marynowski et al., 2007). In the south it was sep a rated
from the Tethyan do main by the Meta-Carpathian Arc (Kutek,
1994), whereas to the north-west and south-east the Pol ish Ba -
sin was con nected tem po rarily with the CEBS and the Tethys.

Through these gate ways ma rine trans gres sions de vel oped.
De po si tion of the Mid dle Ju ras sic suc ces sion in Po land was
linked with a ma rine trans gres sion in the Pol ish Ba sin dur ing the 
Aalenian (Dayczak-Calikowska and Moryc, 1988) that most
prob a bly came from the south-east (Dayczak-Calikowska,
1997; Pieñkowski et al., 2008) and con tin ued dur ing the Late
Ju ras sic. The com plete and thick est suc ces sion, ex ceed ing
1000 m, was de pos ited in the Mid-Pol ish Trough that rep re -
sented a NW–SE ori ented ax ial zone (Fig. 2B), char ac ter ized
by max i mum sub si dence (Dayczak-Calikowska and Moryc,
1988; Feldman-Olszewska, 1997). Out side this zone the se -
quence is only up to 300 m thick and re veals sed i men tary hi a -
tuses, re sult ing from sec ond or der sea level falls (Dayczak-
 Calikowska and Moryc, 1988; Feldman-Olszewska, 1997;
Pieñkowski et al., 2008). 

The Silesian–Cra cow area was sit u ated in the south west -
ern, mar ginal part of the Pol ish Ba sin (Fig. 2B). The Mid dle Ju -
ras sic suc ces sion starts here with Lower Bajocian (sau -
zei–humphriesianum zones) sandy de pos its of the Koœcielisko
Beds (Fig. 3), which rest with a strati graphic hi a tus on older Me -
so zoic rocks (Kopik, 1997, 1998). The Koœcielisko Beds are
over lain by a thick muddy suc ces sion that is  Late Bajocian to
Late Bathonian in age (garantiana–dis cus zones), which rep re -
sents the Ore-Bear ing Czêstochowa Clay For ma tion (Fig. 3),
com monly re ferred to as ore-bear ing clays (Kopik, 1998; Matyja 
and Wierzbowski, 2000; Barski et al., 2004). This, in turn, is
capped by con densed Callovian de pos its, rep re sented by lime -
stones, sand stones and marls (Kopik, 1997).

The Ore-Bear ing Czêstochowa Clay For ma tion crops out in
the Silesian–Cra cow Up land in a nar row belt, ex tend ing from
north-west to south-east, and wedg ing out near the town of
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Fig. 1A – geo log i cal map of the Silesian–Cra cow Up land (af ter Dadlez et al., 2000, sim pli fied) 
and lo ca tion of the sec tions stud ied; B – lo ca tion of the area shown on A (ar rowed)
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Ogrodzieniec. The de pos its in ves ti gated are ex posed in two ac -
tive clay-pits near Zawiercie, in Blanowice and Ogrodzieniec
(Fig. 1), sit u ated in the south east ern tip of the out crop belt. They 
have been doc u mented as re gards their stra tig ra phy, palae on -
tol ogy, geo chem is try and palaeo ec ol ogy (e.g., Ró¿ycki, 1953;
Pazdrowa, 1967; Szczepanik et al., 2005; Marynowski et al.,
2007; Salamon and Zatoñ, 2007; Szczepanik and Saw³owicz,
2008; Zatoñ and Tay lor, 2009; Zatoñ, 2011; Zatoñ et al., 2011,
2012; Barski, 2012). The Blanowice sec tion ex poses ~12 m of
dark grey and black, lam i nated mudstones with sev eral ho ri -
zons of, and loosely scat tered, sid er ite and cal car e ous con cre -
tions (Fig. 3), rep re sent ing the Mid dle Bathonian in ter val
(subcontractus–morrisi zones) of the ore-bear ing clays (Zatoñ
et al., 2012). The Ogrodzieniec sec tion con sists of ~14 m thick,
lam i nated, dark grey and black mudstones (Fig. 3), as signed to
the Mid dle and Up per Bathonian (bremeri–retrocostatum
zones; Salamon and Zatoñ, 2007; Zatoñ et al., 2011). In the
low er most part of the sec tion con tin u ous lev els of small sid er ite
nod ules oc cur, one of which com prises hi a tus con cre tions de -
scribed by Zatoñ et al. (2006, 2011). 

METHODS

In Ogrodzieniec and Blanowice clay-pits the de pos its were
care fully ex am ined centi metre by centi metre, the li thol ogy, sed -
i men tary struc tures, bioturbation and ben thic fauna be ing re -
corded. In ten sity of bioturbation was es ti mated as ichnofabric
in dex (I.I.), us ing the scheme of Droser and Bottjer (1986). To
study the microfabrics, eight sam ples, show ing var i ous types of
lam i na tion and dif fer ent in ten si ties of bioturbation, were se -

lected for thin sec tion ex am i na tion. They were sta bi lized in poly -
es ter resin us ing the method de scribed by Jarosiñska (2000)
and 15 thin sec tions were pre pared from them. Mi cro scopic ex -
am i na tion fo cused on the ge om e try of coarser grained ac cu mu -
la tions (lenses/laminae), their ar range ment (in di vid ual lami -
nae/ lamina sets) and their in ter nal struc ture. The lat ter in clude
mi cro-lam i na tion (par al lel/cross), ar range ment of par ti cles
(graded/structureless) and char ac ter of lamina bound aries
(sharp/dif fuse/gradational). Sed i men tary struc tures were doc u -
mented on pho to graphs made both in the field and un der the
mi cro scope.

RESULTS AND INTERPRETATION

SEDIMENTARY STRUCTURES

The most com mon sed i men tary fea ture, ob served in stud -
ied mudstones of the Ore-Bear ing Czêstochowa Clay For ma -
tion, is var i ously de vel oped par al lel lam i na tion (Fig. 4). This in -
cludes easy dis cern ible flat ac cu mu la tions of pale grey silt, very
fine sand and shell de bris (Fig. 5) and dis crete laminae of back -
ground de posit, dis tin guished as col our band ing. 

COLOUR BANDING

Ob ser va tions. This con sists of par al lel, lat er ally con tin u ous 
bands, 2–25 mm thick, show ing in ex po sures as sub tle ver ti cal
vari a tions in col our, from dark to light grey (Fig. 4A). Dark grey
bands ap pear usu ally structureless, whereas lighter grey ones
of ten show fine par al lel lam i na tion ar ranged in bun dles
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Fig. 2A – palaeo geo graphi cal map of Eu rope for the Mid dle Ju ras sic (af ter Ziegler, 1990, mod i fied);  B – Pol ish Ba sin 
dur ing the Mid dle Bathonian (bremeri zone, af ter Feldman-Olszewska, 1998, mod i fied) and the lo ca tion of the area stud ied

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
– Lon don–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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Fig. 3. Stra tig ra phy of Mid dle Ju ras sic de pos its from the Silesian–Cra cow re gion (af ter Kopik, 1998; Matyja and Wierzbowski,
2000, 2006; Barski et al., 2004) with a lithological log of the Jaworznik 144-¯ bore hole (stra tig ra phy af ter Kopik, 1998)

Sec tions stud ied are shown to the right in greater de tail with the lo ca tion of sam ples se lected for thin sec tion anal y sis; biostratigraphical
in ter pre ta tion af ter Salamon and Zatoñ (2007), Zatoñ (2007) and Zatoñ et al. (2011, 2012)
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Fig. 4. Sed i men tary struc tures from lam i nated mudstones of ore-bear ing clays

A – col our band ing con sist ing of par al lel bands sub tly dif fer ing in col our, light grey layer in the up per part of the pic ture is a frag ment of a
pyritized sand lens; B – thin par al lel lam i na tion; C – thick par al lel laminae and laminae bun dles: sin gle lamina (grey ar row), pair of laminae
(black ar row) and a bun dle of five laminae (white ar row); D – elon gated lens of very fine sand with low-an gle and par al lel lam i na tion;
Ogrodzieniec clay-pit, views per pen dic u lar to bed ding; scale bar in A–C is 1 cm, scale bar in D is in centi metres

Fig. 5. Com po si tion of silt, sand and shell de bris ac cu mu la tions

A – ac cu mu la tion of very fine sand and silt (thick par al lel lamina); B – ac cu mu la tion of frag mented shells of the bi valve Bositra (thin par al lel
lamina); C – ac cu mu la tion of silt and frag mented shells of dif fer ent bi valves, one com plete valve of Bositra is vis i ble in the up per part of the
pic ture (thin par al lel lamina); D – ac cu mu la tion of very fine sand and silt with coarse frag ments of var i ous bi valve and ammonite shells (thick
par al lel lamina), pre served sin gle valves of small bi valves are in con vex-up po si tion; Ogrodzieniec clay-pit, part ing plane views; scale bar in
A, C is in centi metres, scale bar in B, D is 1 cm



5–25 mm thick. The num ber of laminae in par tic u lar bun dles
usu ally does not ex ceed five. 

Mi cro scopic ex am i na tion re veals that col our vari a tions re -
flect grain size dis tri bu tion: dark grey bands are com posed of
clay with a sub or di nate ad mix ture of quartz, whereas lighter
grey bands are rich in quartz silt with a small ad mix ture of very
fine sand (Fig. 6A, B). Fine mica flakes and elon gated or ganic
par ti cles, oc cur ring in the clayey parts, are of ten par al lel ori en -
tated, how ever, a ran dom fab ric re sult ing from bioturbation was
also ob served. Rarely, very thin quartz laminae with dif fuse
bound aries oc cur within clayey bands (Fig. 6C). They are rep re -
sented by in di vid ual laminae or ar ranged in bun dles. The na ture 
of silt-rich bands is vari able. They may have dif fuse top and bot -
tom con tacts (Fig. 6D), sharp top and bot tom con tacts (Fig. 6A), 
sharp lower con tacts and gradational tops (Fig. 6A) or sharp
tops and gradational bot toms (Fig. 6B). Silt-rich bands with dif -
fuse bound aries ap pear structureless (Fig. 6D) or, less com -
monly, are in dis tinctly lam i nated. Those with sharp lower con -
tacts and gradational tops are structureless or nor mally graded. 
Usu ally, this is a not true size grad ing, but rep re sents the tran si -
tion from silt-rich to less silt-rich sed i ment. Lo cally, faint par al lel
lam i na tion can be ob served, with laminae in clined at a low an -
gle (Fig. 6A) or form ing graded rhythmite units (Fig. 6E).
Laminae with sharp tops and gradational bot tom con tacts are
rare. They can ap pear structureless or in versely graded

(Fig. 6B). The in ter nal struc ture of silt-rich bands with both
sharp top and bot tom con tacts is the most di verse. They may be 
structureless, finely lam i nated or in versely graded, show ing en -
rich ment of the up per most part in silt (Fig. 6A).

The col our band ing rep re sents a ba sic type of strat i fi ca tion.
Al though it is barely vis i ble, due to its sub tle ap pear ance and
sus cep ti bil ity to de struc tion by bioturbation, it is the most com -
mon com po nent of suc ces sions and pro vides the con text for
other lamination types.

In ter pre ta tion. Col our band ing marks pe ri od i cal changes
of sed i men ta tion from clay-dom i nated to silt-rich. Clayey zones
mark de po si tion of the fin est par ti cles from sus pen sion, con sis -
tent with the par al lel align ment of mica flakes and or ganic par ti -
cles ob served in some of them. Such sed i men ta tion al ter nated
with pe ri ods of in creased in put of silt and sub or di nate sand.
Silt-rich bands with dif fuse top and bot tom con tacts in di cate
grad ual change in silt sup ply and may have been de pos ited
from de tached tur bid lay ers or sus pen sion clouds (cf. Schieber,
1990, 1994). Even lam i na tion within these bands rep re sents re -
peated vari a tions in sus pen sion com po si tion. Sim i larly, even silt 
laminae oc cur ring in clayey zones rep re sent de po si tion from
thin sus pen sion clouds. 

Laminae with sharp lower con tacts and gradational tops, of -
ten nor mally graded, as well as graded rhythmites, are the re -
sult of short-lived sed i men ta tion events re lated to fine-grained
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Fig. 6. Col our band ing in thin sec tion

A – in ter ca la tion of clayey and silt-rich bands; four silt-rich bands are vis i ble: bands 1, 2 and 3 have dis tinct up per and lower con tacts (partly
blended by meiofauna bur row ing) and dif fer ent in ter nal struc ture – band 1 is faintly lam i nated, band 2 is in versely graded, band 3 ap pears
structureless; band 4 has a dis tinct bot tom con tact and gradational top and shows in ter nal laminae gently in clined to the left (one is in di cated
by an ar row); B – two silt-rich bands with dis tinct top and gradational bot tom con tacts; band 1 ap pears structureless, band 2 is in versely
graded; C – two thin quartz laminae with in dis tinct bound aries within clay; D – silt-rich band with dif fuse up per and lower con tacts; E – thin
silt-rich band de vel oped as graded rhythmite, show ing up ward de crease in the thick ness of laminae; A, C–E – Ogrodzieniec clay-pit (A –
sam ple Og84, C, E – sam ple Og87, D – sam ple Og49); B – Blanowice clay-pit (sam ple Bl1); scale bar is 1 mm



sus pen sion cur rents flow ing near the bot tom (Stow and
Shanmugam, 1980; O’Brien, 1996). Silt-rich bands with sharp
both top and bot tom con tacts and in verse grad ing prob a bly
formed by cur rent re work ing of the up per part of structureless or 
nor mally graded bands with sharp lower bound aries (Schieber,
1994; Hiscott, 2003). Rhyth mic fine lam i na tion, ob served in
silt-rich bands, may be in ter preted as a re sult of dif fer ent pro -
cesses in clud ing depositional sort ing by bound ary-layer shear -
ing (Stow and Bowen, 1980), bedload sort ing of par ti cles by
their weight, den sity and shape due to ir reg u lar i ties in the flow
(Kuenen, 1966; Piper, 1972) or si mul ta neous bedload trans port 
of coarse silt and flocculated fine ma te ri als dur ing mi gra tion of
bedforms (McBride et al., 1975; Schieber et al., 2007; Schieber
and Yawar, 2009). Mi gra tion of small rip ples is in ferred from
gently in clined silty laminae, ob served in some silt-rich bands
(Fig. 6A band 4). In versely graded laminae, show ing true grain
size gra da tion, mark prob a bly in crease of cur rent ve loc ity dur -
ing the depositional event. Sharp tops point to cur rent re work -
ing of bot tom sed i ment in the fi nal stage of de po si tion, whereas
gradational lower con tacts sug gest a soft or soupy char ac ter of
the bot tom, on which silt was de pos ited (Schieber, 1994).

THIN PARALLEL LAMINAE

Ob ser va tions. These are thin, 0.1–0.3 mm thick, par al lel,
dis con tin u ous ac cu mu la tions of very fine sand, silt and shell de bris 
(Fig. 4B). They may be com posed of (1) only sand and silt, (2)
sand, silt and frag mented shells of var i ous bi valves and
ammonites as well as rare sin gle valves of small bi valves, (3) only
frag mented shells. The lat ter usu ally con sist of frag ments and a
few whole valves of Bositra (Fig. 5B). Most in di vid ual valves ob -
served in thin par al lel laminae are in con vex-up po si tion.

Thin sec tion ex am i na tion re veals the na ture of the silt-sand
laminae. Be side quartz grains, which are the main com po nent,
they con tain also sub or di nate mica flakes, or ganic par ti cles and 
con cen tra tions of diagenetic py rite (Fig. 7A). They vary in thick -
ness and wedge out lat er ally, rep re sent ing in fact long and flat
lenses (Fig. 7A, B). They have sharp, of ten ir reg u lar both up per
and lower con tacts (Fig. 7A) or, rarely, sharp bot tom con tacts
and slightly gradational tops (Fig. 7B). In both cases laminae
have structureless ap pear ance.

Thin par al lel laminae usu ally oc cur in silt-rich bands of col -
our band ing, at var i ous po si tions: at the base, in the mid dle or in 
the top. Lo cally they oc cur di rectly within the clayey zones.

In ter pre ta tion. The len tic u lar shape, sharp lower and up -
per bound aries and ir reg u lar, prob a bly ero sive char ac ter of the
bot tom con tacts sug gest bedload trans port and in di cate that
most of the thin par al lel laminae were de pos ited by bot tom cur -
rents (e.g., Schieber, 1990, 1999). They rep re sent very thin, ini -
tial starved rip ples mov ing across a co he sive muddy bot tom.
Re work ing by cur rents is sup ported by the con vex-up ori en ta -
tion of bi valve valves, ob served in some shell de bris ac cu mu la -
tions (Futterer, 1978; Brett and Allison, 1998). Laminae with
sharp bot tom con tacts and gradational tops were prob a bly de -
pos ited by cur rents car ry ing fine-grained sus pended sed i ment
near the bot tom (Stow and Shanmugam, 1980; O’Brien, 1996).
The oc cur rence of thin par al lel laminae within the silt-rich bands 
in di cates that they formed dur ing the same depositional events
as these bands. Bot tom-flow ing cur rents, car ry ing sus pended
ma te rial from which silt-rich bands were de pos ited, were also
re spon si ble for win now ing of fine par ti cles and re work ing of
coarse silt and sand to form flat starved rip ples.

THICK PARALLEL LAMINAE AND LAMINAE BUNDLES

Ob ser va tions: These are par al lel, dis con tin u ous laminae,
up to 0.7 mm thick, of ten ar ranged in bun dles com pris ing up to
five laminae (Fig. 4C). Bun dles ob served in small sam ples of ten 
re veal the thick ness of laminae de creas ing down wards or their
thin ning both up wards and down wards, giv ing the im pres sion of 
in versely graded or sym met ri cal units (white ar row on Fig. 4C).
How ever, ex am i na tion over lon ger dis tances re veals that these
bun dles are stacks of elon gated, flat lenses that prob a bly re -
sulted from aggradation of suc ces sive gen er a tions of mi grat ing
starved rip ples. Vis i ble changes of thick ness may re flect ei ther
vari a tions of rip ple size or cross-sec tion ori en ta tion with re spect
to the elon ga tion of par tic u lar lenses.

Laminae con sist of very fine sand and silt, lo cally with ad -
mix ture of frag mented shells of var i ous bi valves and ammonites 
as well as pre served sin gle valves of small bi valves, which are
mainly in con vex-up po si tion (Fig. 5D). Be side quartz, laminae
con tain rare micas, diagenetic py rite grains and or ganic mat ter,
vis i ble in thin sec tion (Fig. 7C, D). The in ter nal struc ture of the
quartz laminae is vari able. They have usu ally sharp up per and
lower con tacts and a structureless ap pear ance (Fig. 7C). How -
ever, there are also ex am ples with sharp tops and dif fuse bot -
toms (Fig. 7E) or with both bound aries dif fuse (Fig. 7D). Rarely,
nor mal grad ing can be ob served (Fig. 7D). Pairs of laminae
con sist usu ally of a thicker lower lamina, which lo cally has
gradational up per con tact, and a thin ner up per lamina with dis -
tinct up per and lower con tacts (Fig. 7F). These are sep a rated
by a zone im pov er ished in quartz grains.

Thick par al lel laminae oc cur usu ally in silt-rich bands of col -
our band ing and oc cupy, as the thin laminae, var i ous po si tions.
Rarely, they ap pear di rectly in clayey zones. Bun dles of laminae 
them selves form silt-rich bands.

In ter pre ta tion. The or i gin of thick par al lel laminae and
laminae bun dles is sim i lar to that of thin par al lel laminae and is 
linked with the ac tiv ity of bot tom-flow ing cur rents. The more
abun dant sed i ment sup ply and more in ten sive re work ing here
re sulted in the greater thick nesses of laminae. These cur rents, 
which brought in sus pended sed i ment, re worked it re cur rently
lead ing to the for ma tion of stacks of dis con tin u ous sand and
silt ac cu mu la tions (lamina bun dles), which rep re sent ini tial
starved rip ples. The cur rent-re lated or i gin of them is con sis -
tent with their sharp bound aries, len tic u lar shape and the con -
vex-up po si tion of pre served bi valve valves (Futterer, 1978;
Schieber, 1990, 1999; Brett and Allison, 1998). Dif fuse lower
con tacts of some laminae sug gest pe ri od i cally soft or soupy
char ac ter of the bot tom (Schieber, 1994). De po si tion of nor -
mally graded laminae and laminae with dif fuse tops may be re -
lated di rectly to sus pended sed i ment flows. Pairs of laminae
are prob a bly the re sult of cur rent re work ing of tops of thick,
nor mally graded bands. 

LENSES

Ob ser va tions. Lenses are com posed of very fine sand and
silt, lo cally with some ad mix ture of shell de bris, and they are up
to 12 mm thick (Fig. 4D). They al ways have sharp up per and
lower con tacts and are of ten loaded. In ter nally, they are
structureless (Fig. 8A), cross-lam i nated (Fig. 8B, D, E) or par al -
lel- and low-an gle lam i nated (Fig. 8A, C, F). In ter nal mi cro-lam i -
na tion con sists of interlayered sand/silt and thin clay laminae,
the lat ter com posed of clay floc cules. In thin sec tion the in ter nal
struc ture can be more com plex. In a few cases cross-lam i na tion 
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Fig. 7. Par al lel laminae in thin sec tion

A, B – thin par al lel laminae: A – two thin quartz laminae (ar rowed) within lam i nated back ground de posit; the lower lamina oc curs in the top of
a nor mally graded silt-rich band (band 1) and wedges out to the right; the up per one is en riched in diagenetic py rite grains (black dots) and oc -
curs within a lam i nated silt-rich band (band 2); B – thin quartz lamina (ar row) with sharp ir reg u lar bot tom con tact and gradational top; it oc curs 
in a clayey band bor dered by two laminae with dif fuse bound aries, rep re sent ing lam i nated back ground de posit; C–F – thick par al lel laminae
and bun dles: C – two quartz laminae with sharp lower and up per bound aries; the up per one con tains an ad mix ture of diagenetic py rite grains
(black dots); D – two laminae from the bun dle; the lower one has sharp lower and up per con tacts and serves as the basal lamina of a graded
rhythmite unit; the up per one is nor mally graded and has dif fuse bound aries, re sult ing most prob a bly from bioturbation; black spots are or -
ganic par ti cles; E – sin gle lamina with dif fuse lower and sharp up per con tact; small bur rows are vis i ble in the top (some in di cated by ar rows);
F – pair of quartz laminae sep a rated by a quartz-im pov er ished zone; the lower lamina is thicker and is nor mally graded, the up per lamina is
thin ner and has sharp bound aries; A–C, E, F – Ogrodzieniec clay-pit (A – sam ple Og84, B – sam ple Og85, C – sam ple Og49, E, F – sam ple
Og87); D – Blanowice clay-pit (sam ple Bl3); scale bar is 1 mm



is con fined to the lower part of the lens, whereas the up per part
is structureless or nor mally graded (Fig. 8D). Thicker sand
lenses of ten oc cur at the bases of graded rhythmites (Fig. 8E).

Sand and silt lenses most com monly oc cur in silt-rich
bands of col our band ing. Rarely, they ap pear within clayey
zones. Thin lenses, as do the thin and thick laminae, may oc -
cupy var i ous po si tions within silt-rich bands, whereas thick
lenses oc cur usu ally at their base. They of ten oc cur at the bot -
toms of graded rhythmites or be gin graded se quences, pass -
ing up wards into structureless or finely lam i nated silty clay and 
structureless clay.

In ter pre ta tion. The or i gin of silt-sand lenses may be linked
with a rel a tively abun dant sup ply of sed i ment that was trans -
ported by trac tion cur rents. The cur rent or i gin of lenses is con -
firmed by their len tic u lar shape, sharp bound aries and in ter nal
struc ture, in clud ing cross-, par al lel- and low-an gle lam i na tion
(e.g., Schieber, 1994, 1999; O’Brien, 1996; Schieber and

Yawar, 2009). The al ter na tion of clay and quartz laminae sug -
gests si mul ta neous trans port of silt, sand and flocculated clay,
which formed piles mov ing over the bed and built up laminae of
dif fer ent com po si tion. Trans port, as in the case of the thin and
thick par al lel laminae, was by bot tom-flow ing cur rents car ry ing
sus pended sed i ment. Such in ter pre ta tion is sup ported by the
oc cur rence of sand lenses in the bot toms of graded rhythmites,
the pres ence of graded se quences: sand lens – structureless or 
lam i nated silty clay – structureless clay, as well as by the com -
plex struc ture of some lenses, in which cross-lam i na tion is over -
lain by nor mally graded sed i ment. Each se quence re cords a
sin gle depositional event, dur ing which bedload trans port was
fol lowed by de po si tion from sus pen sion. Such struc tures are
known from many an cient and mod ern de pos its of fine-grained
sus pen sion cur rents (e.g., Stow and Shanmugam, 1980;
Schieber and Yawar, 2009).
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Fig. 8. Sand-silt lenses

A – small, partly loaded lenses of very fine sand; the lower one has in dis tinct low-an gle lam i na tion, the up per one ap pears structureless; B –
cross-lam i nated lens of very fine sand; C – sand lens with low-an gle and par al lel lam i na tion; D–F – lenses in thin sec tion: D – cross-lam i -
nated lens, in which mi cro-lam i na tion is con fined to the lower part and the up per part is in dis tinctly graded; E – graded rhythmite unit with
cross-lam i nated lens at the base; F – low-an gle lam i na tion vis i ble due to the pres ence of dis tinct clay microlaminae; Ogrodzieniec clay-pit
(D–F – sam ple Og85); A, C – scale bar is in centi metres, B – scale bar is 1 cm, D–F – scale bar is 1 mm



BENTHIC FAUNA AND BIOTURBATION

The ben thic fauna in the mudstones stud ied is rare and of
low di ver sity. The only com mon body fos sils oc cur ring as in di -
vid ual spec i mens and in bed ding-plane ac cu mu la tions are bi -
valves Bositra (Fig. 9A). Many of their shells are ar tic u lated and
pre served in “but ter fly po si tion”. Other ben thic or gan isms,
found di rectly in mudstones, oc cur rarely and in clude small bi -
valves be long ing to the fam i lies Nuculidae (Palaeonucula) and
Nuculanidae (Nuculana, Mesosaccella) as well as small gas tro -
pods. These bi valves are nor mally pre served as sep a rate
valves or smaller frag ments. Scarce spec i mens with both
valves are hardly ever in life po si tion. Other bi valves were ob -
served only in shell de bris ac cu mu la tions, pre served as sep a -
rate valves and shell frag ments. They rep re sent five fam i lies:
Astartidae (Trautscholdia), Inoceramidae (Parainoceramus),
Entoliidae (Entolium), Pectinidae (Camptonectes) and
Oxytomidae (Oxytoma), ac com pa nied by nuculids and
nuculanids.

Trace fos sils rec og nized in ex po sures are scarce and in -
clude mainly deep bur row ing ichnogenera: Chondrites
(Fig. 9B), Trichichnus and un de ter mined pyritized bur rows
(Fig. 9A). Trichichnus and pyritized bur rows are scat tered
through the en tire sec tion, whereas Chondrites is vis i ble mainly
in sand and silt ac cu mu la tions. The oc cur rence of other
ichnofossils in clud ing Palaeophycus and oc ca sional
Protovirgularia is linked, as with Chondrites, to sand and silt ac -
cu mu la tions. As bur rows with pyritized fill are eas ier dis cern ible
in ex po sure, such un even dis tri bu tion of trace fos sils might re -
flect preservational bias. How ever, in other ex po sures of
ore-bear ing clays Chondrites, Palaeophycus and other
non-pyritized ichnofossils are vis i ble re gard less of the li thol ogy
(Gedl et al., 2006a, b, c; Leonowicz, 2012). More over, thin sec -
tions rarely re veal macroburrows, sug gest ing that their scar city
is rather a mat ter of the or gan isms pref er ence, not their pres er -
va tion.

Mac ro scop i cally, bioturbation in ten sity is scarce (I.I. = 2) for
back ground de posit and low (I.I. = 3) for ac cu mu la tions of sand, 
silt and shell de bris. Mi cro scop i cally, how ever, the bioturbation

is much more com mon and has a more di verse pat tern. This re -
sults mostly from dis crete, un de ter mined small bur rows, dis -
cern ible only in thin sec tions, which in places form dense pop u -
la tion. They are rep re sented by straight or slightly curved, flat -
tened tun nels, ori ented hor i zon tally or obliquely to the strat i fi ca -
tion, less than 2 mm thick and up to 2 cm long (Fig. 10A, B, E).
They are better vis i ble in clay-silt bands thanks to their infill,
which dif fers slightly from sur round ing sed i ment in col our and/or 
grain size. In sand-silt zones they ap pear as a small-scale dis -
tur bance of in ter nal mi cro-lam i na tion within sand lenses and
dis rup tion of thin silt-sand laminae (Fig. 10D, E). The oc cur -
rence of mac ro scop i cally in vis i ble bioturbational struc tures in
lam i nated mudstones has al ready been re ported from some
black shale for ma tions and in ter preted as the work of worms
“swim ming” through soupy, soft sed i ment (Lobza and Schieber, 
1999; Schieber, 2003). Con sid er ing the small scale and ob -
scure na ture of the bur rows in de pos its stud ied, they should be
re garded as cryptobioturbation (Pem ber ton et al., 2008), re -
ferred also to as microbioturbation (Pratt, 1984; Sageman,
1989). Four grades of sed i ment dis rup tion by them may be dis -
tin guished:

(I) No bioturbation (I.I. = 1). Such fab ric was ob served in
clay-rich zones, where it was ex pressed by par al lel ori en ta tion
of mica flakes and un dis turbed faint silt laminae (Fig. 10C), as
well as in silt-rich zones where un dis turbed lam i na tion ap -
peared (Fig. 10D, E). Non-bioturbated de pos its form lay ers up
to 1 cm thick within bioturbated sed i ments. At ex po sure, they
are rep re sented by dis tinctly lam i nated mudstones;

(II) Sparse bioturbation (I.I. = 2–3), which does not sig nif i -
cantly dis turb lam i na tion. In this fab ric small, dis crete small bur -
rows are con cen trated within par tic u lar laminae, not dis rupt ing
their bound aries (Fig. 10E), al though they can be quite abun -
dant (I.I. = 3). Thin silt-sand laminae can be cross cut lo cally by
oc ca sional bur rows (I.I. = 2), which how ever, do not oblit er ate
lam i na tion (Fig. 10D, E). Mac ro scop i cally, sparsely bioturbated
de pos its do not dif fer in ap pear ance from non-bioturbated sed i -
ments;

(III) Low bioturbation (I.I. = 3). In this fab ric bound aries of
laminae are in dis tinct due to bioturbation, though clay-rich and
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Fig. 9. Ben thic fauna and trace fos sils

A – part of bed ding-plane ac cu mu la tion of the bi valve Bositra; ar tic u lated shells are in “but ter fly po si tion”; in the up per right cor ner of the pic -
ture a pyritized bur row is vis i ble (ar rowed); B – sand/silt ac cu mu la tion cut by Chondrites (dark dots); lin ear fea tures in di cated by ar rows rep -
re sent prob a ble rip ple crests; Ogrodzieniec clay-pit, part ing plane views; scale bar is in centi metres



silt-rich zones are still clearly vis i ble (Fig. 10F). In ter nal lam i na -
tion within these zones is dis turbed and may oc cur as par al lel
stripes. Mac ro scop i cally, low-bioturbated de pos its are rep re -
sented by eas ily dis cern ible col our band ing some times with in -
dis tinct sand-silt stripes;

(IV) Mod er ate bioturbation (I.I. = 4). In this fab ric clay-rich
and silt-rich bands are weakly vis i ble, their bound aries are
blurred and in ter nally they have structureless ap pear ance due
to the dis rup tion of silt-sand laminae (Fig. 10G). In places, in dis -
tinct par al lel flasers of dif fer ent col our oc cur. Mac ro scop i cally,
mod er ately bioturbated de pos its are rep re sented by in dis tinct
col our band ing or structureless mudstones, lo cally with vague
par al lel ori en tated fab ric.

If the li thol ogy is ho mo ge neous and lacks mac ro scop i cally
vis i ble silt-sand laminae, the only man i fes ta tion of the third and
fourth grades of cryptobioturbation is dis per sion of fine shell de -
bris that, in sparsely bioturbated de pos its, nor mally oc curs as
bed ding-plane accumulations.

Due to the scar city of macroburrows, de ter mi na tion of
cross-cut ting re la tion ships and eval u a tion of tier ing is dif fi cult.
Nev er the less, by com par i son with ob ser va tions from other ex -
po sures of ore-bear ing clays, in which sim i lar trace fos sils oc cur 
(Gedl et al., 2006a, b, c; Leonowicz, 2012), ichnofossils from
the sec tions stud ied may be as signed to at least four tiers. The
shal low est tier con sists of biodeformational struc tures rep re -
sented by cryptobioturbation; the sec ond tier con tains Palaeo -
phycus and prob a bly Protovirgularia (al though the re la tion ships 
be tween these bur rows have not been rec og nized); the third
tier is oc cu pied by Chondrites and the deep est one con tains
Trichichnus and pyritized bur rows.

DISCUSSION

SEDIMENTARY ENVIRONMENT

Sed i men tary struc tures in the mudstones stud ied in di cate
de po si tion in con di tions that ranged from quiet sus pen sion set -
tling to in ter mit tently cur rent-in flu enced. The lack of wave-gen -
er ated struc tures and dis tinct ero sional scours sug gest that the
sea-floor was be low the storm-wave base and be yond the
reach of channelized bot tom flows. Mud de po si tion here can be
as cribed to three ma jor pro cesses: (1) set tling of par ti cles from
the sus pen sion through the wa ter col umn, (2) de po si tion from
near-bot tom flows of sus pended sed i ment, and (3) re work ing
and trans port of sed i ment by trac tional cur rents. The rar ity of
struc tures re sult ing from quiet set tling from sus pen sion in di -
cates that pro cesses of the first cat e gory were sub or di nate.
They con sti tuted the back ground for other sed i men ta tion types
but are re corded only by some in ter vals of col our band ing. The
fine-grained sed i ment form ing them set tled from sus pended
sed i ment plumes, spread ing out from river mouths as hypo -
pycnal flows. In creased silt sup ply, lead ing to the for ma tion of
silt-rich bands with dif fuse bound aries and even silt laminae, re -
sulted from in creased dis charge from river floods. The other
source of silt might be resuspension of sed i ment in shal low ar -
eas dur ing storms and its off shore trans port in the form of sus -
pen sion clouds. 

Most of the sed i men tary struc tures, ob served in the mud -
stones stud ied, re flect depositional events linked with bot tom
cur rents car ry ing fine-grained sus pended sed i ment. De po si tion
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Fig. 10. Cryptobioturbation in thin sec tion

A, B – sed i ment re worked by dis crete microburrows (some of them in di cated by ar rows), A – plane po lar ized light, B – crossed polars; C, D –
no bioturbation (I.I. = 1): un dis turbed thin silt laminae in clayey zone (C) and faint lam i na tion in silt-rich band (D – white ar rows); in the up per
part of D low-an gle lam i na tion in the sand lens is slightly dis turbed by sparse bioturbation (black ar rows); E – sparse bioturbation (I.I. = 2–3) in 
clayey band 1 and no bioturbation in sand/silt band 2; dis crete microburrows (some of them in di cated by ar rows) cut thin silt laminae but do
not oblit er ate them; F – low bioturbation (I.I. = 3): bound aries of laminae are in dis tinct but clayey zones (grey ar rows) and silt-rich bands
(black ar rows) are eas ily vis i ble; flat tened bur rows filled with quartz silt (white ar rows) prob a bly rep re sent Chondrites; G – mod er ate
bioturbation (I.I. = 4): clayey zones (grey ar rows) and silt-rich bands (black ar rows) are poorly vis i ble due to oblit er a tion of their bound aries;
Ogrodzieniec clay-pit (A – sam ple Og140, B, D, E – sam ple Og85, C – sam ple Og84, F – sam ple Og119, G – sam ple Og49); B–D – scale bar
is 1 mm, A–G – scale bar is 5 mm



can be in ter preted as an in ter play of two pro cesses: (1) set tling
from the sus pended sed i ment flows mov ing near the bot tom
with si mul ta neous trans port of the lower por tion as bedload and
(2) in ter mit tent re work ing of bot tom sed i ment by bot tom flows
with redeposition of the coars est ma te rial in form of flat starved
rip ples. Such struc tures as laminae with sharp lower and
gradational up per con tacts, nor mal grad ing, fine par al lel lam i -
na tion and graded rhythmites in di cate set tling from fine-grained 
sus pen sion flows (e.g., Reineck and Singh, 1972; Stow and
Shanmugam, 1980; Brett, 1983; Schieber, 1994, 1999). In -
versely graded laminae that show tran si tion from silt-poor to
silt-rich mud and dis con tin u ous silt-sand laminae with sharp
bound aries sug gest cur rent re work ing of the up per part of the
bot tom sed i ment (Schieber, 1994), whereas len tic u lar silt-sand
laminae with cross- and low-an gle lam i na tion and some kinds
of fine sub-par al lel lam i na tion in mudstones point to bedload
trans port of silt, sand and clay floc cules (e.g., Stow and Shan -
mugam, 1980; Schieber et al., 2007; Schieber and Yawar,
2009).

The se quences of struc tures men tioned above are known
from many mod ern and an cient de pos its, rep re sent ing both
fine-grained turbidites (Stow and Shanmugam, 1980; Hill,
1984; Stow and Piper, 1984; Schieber, 1994, 1999) and dis tal
tempestites (Reineck and Singh, 1972; Brett, 1983; Aigner,
1985; Pedersen, 1985; Wignall, 1989; Myrow, 1992; Schieber,
1994; Schieber and Yawar, 2009). De pos its of these two or i gins 
are of ten dif fi cult to dis tin guish. Tak ing into ac count that Pol ish
Ba sin was a shal low epicontinental sea in the Mid dle Ju ras sic
and that the lo cal ity stud ied was sit u ated in a mar ginal part of it,
a storm or i gin of the event lay ers de scribed is more likely and is
con sis tent with sev eral char ac ter is tic fea tures within them. Al -
though part of the ma te rial form ing the event de pos its was
brought in from shal lower ar eas of the ba sin, the range of this
re dis tri bu tion seems to be lim ited. Silt-sand event laminae do
not sig nif i cantly dif fer in petrographic com po si tion from the
back ground sed i ment, whereas turbidites of ten dif fer dis tinctly
from the host rock (Einsele and Seilacher, 1991). The shell de -
bris ac cu mu la tions de scribed con sist of frag mented shells of
shal low-wa ter ben thic fauna, whereas turbidites typ i cally com -
prise mixed as so ci a tions of shal low and deep wa ter spe cies
(Einsele and Seilacher, 1991). The ev i dence for im port of silt
and sand from other parts of ba sin rather than redeposition in
situ is the dif fer ence in quartz grain size, which is usu ally
coarser in the event laminae than in in ter ven ing back ground
sed i ment. Also shell de bris had to be brought in from other
parts of ba sin, as most of bi valves found in the event laminae
do not oc cur in the ad ja cent mudstones. The only ex cep tion is
de bris of the bi valve Bositra, which is a com mon con stit u ent of
the autochthonous ben thic as so ci a tion. Their in situ oc cur rence 
is con firmed by the fre quent pres er va tion of ar tic u lated spec i -
mens in “but ter fly po si tion” typ i cal of not dis placed fauna. The
co-oc cur rence of shell de bris and well-pre served ar tic u lated
spec i mens in neigh bour ing laminae sug gests that the for mer is
nearly autochthonous, be ing re sus pend ed and set tled with out
sig nif i cant trans port. This fea ture, in turn, is also char ac ter is tic
of storm de pos its.

Field ob ser va tions from sev eral mod ern shelf en vi ron ments 
show that the re dis tri bu tion of mud from the in ner shelf by
storm-gen er ated off shore flows is an im por tant source of sed i -
ment ac cu mu lat ing in the mid-shelf zone (Wright and
Friedrichs, 2006). A sig nif i cant role in this re dis tri bu tion is
played by across-shelf trans port by wave-in duced, grav -
ity-driven den sity flows, car ry ing sus pended sed i ment in the
form of fluid mud lay ers (e.g., Stern berg et al., 1996; Traykovski 
et al., 2000; Fain et al., 2007). These flows, called wave-in -
duced tur bid ity cur rents (Traykovski et al., 2000), re sem ble in

some as pects tur bid ity cur rents that form on con ti nen tal slopes;
how ever, they dif fer from the lat ter in that they are sup ported by
wave and cur rent-in duced bound ary shear stresses and do not
re quire autosuspension for sus te nance. As a re sult, they can
form even on gently slop ing shelves. Such an or i gin may be in -
ferred for many an cient fine-grained storm de pos its, for ex am -
ple those re ferred in the lit er a ture to as muddy tempestites
(Aigner, 1985) or mudrocks as so ci ated with obrution beds (=
smoth ered bot tom – e.g., Brett, 1983; Par sons et al., 1988).
Par sons et al. (1988) pro posed a sed i men ta tion model, in which 
most of the shale lay ers in outer-shelf set tings re sulted from
blan ket ing by mud that came in as storm-in duced, thick slur ries
flow ing near the bot tom. A sim i lar or i gin of obrution ho ri zons, in -
clud ing trans port of sus pended mud by grav ity-driven tur bid
flows, was in ferred by O’Brien et al. (1994). Sed i men tary struc -
tures ob served in X-ra dio graphs of mod ern sed i ments de pos -
ited by wave-in duced tur bid ity cur rents in clude se quences of
interlaminated sand, silt and mud, com monly re veal ing laminae
that downlap onto a basal sur face and are over lain by
structureless mud (Schieber and Yawar, 2009). Based on these 
ob ser va tions Schieber and Yawar (2009) sug gested that fluid
mud de pos its con sist of a lower por tion trans ported as bedload
and an up per one that set tled from a mud-rich sus pen sion. A
sim i lar mech a nism is pos tu lated also for the ore-bear ing clays
stud ied and it is likely that wave-in duced tur bid ity cur rents might 
have played sig nif i cant role in their de po si tion. 

The thick ness and type of event laminae de scribed re flect
the in ten sity of storms, which gov erned vol ume of sed i ment in -
put and, in di rectly, dis tance of depositional site from the shore -
line (Fig. 11). The weak est storms did not sup ply any ma te rial
from shal lower zones but re worked sed i ment nearly in situ lead -
ing to for ma tion of thin ac cu mu la tions of Bositra shell de bris and 
some in versely graded silt-rich bands, re sult ing from win now ing 
of fine par ti cles from the up per part of ear lier ac cu mu lated sed i -
ment. The stron gest storms brought sig nif i cant amounts of
quartz sand and led to the for ma tion of se quences com pris ing
rel a tively thick sand lenses. Con sid er ing the vi cin ity of the land it 
is most likely that the source of ma te rial form ing the event de -
pos its was shal low-wa ter sed i ment ac cu mu lat ing in the
nearshore zone. How ever, it can not be ex cluded that – even in
such a mar ginal part of the ba sin – the sea-floor took the form of 
swells and de pres sions, the for mer serv ing as a sup ple men tary
source area for muddy sus pended sed i ment and shell de bris.
Synsedimentary tec tonic ac tiv ity, which might re sult in mor pho -
log i cal dif fer en ti a tion of the depositional area, is sug gested by
the oc cur rence of nep tu nian dykes, re ported from ex po sures of
the ore-bear ing clays (Barski, 2012). These likely did not form
un til the Kimmeridgian (Barski, 2012), though it is pos si ble that
ver ti cal tec tonic move ments started even ear lier. 

PRESERVATION OF SEDIMENTARY STRUCTURES

Thin sec tion ex am i na tion shows that ben thic meiofauna
bur rowed just as fre quently within clayey and silt-rich zones,
whereas in thick sand-silt laminae and lenses cryptobiotur -
bation is sparse or ab sent. The lat ter de posit may be re worked
by larger an i mals, pro duc ing trace fos sils such as Palaeophy -
cus and Chondrites, which how ever, are not abun dant in the
sec tions stud ied. As a re sult, thick laminae and lenses may be
pre served and still dis cern ible even in suc ces sions with dense
net works of microburrows, which can be easy over looked dur -
ing mac ro scopic ex am i na tion. The lim ited ex tent of ma te rial re -
dis tri bu tion by meiofauna has led also to pres er va tion of col our
band ing in de pos its with bioturbation reach ing even 60%
(I.I. = 4), al though bands here dis play dis rupted in ter nal struc -
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Fig. 11. Sum mary of de posit fea tures in the Ore-Bear ing Czêstochowa Clay For ma tion that are re lated 
to the in ten sity of depositional pro cesses and the dis tance from the shore line



ture and blurred bound aries. Com plete dis rup tion of col our
band ing re quires the ac tiv ity of larger an i mals, which would mix
sed i ment be tween ad ja cent lay ers. Sim i lar ob ser va tion has
been made in mod ern de pos its, in which mi cro- and meiofaunal 
bioturbation caused broad en ing and dis rup tion of pri mary lam i -
na tion but was not suf fi cient to oblit er ate it (Behl, 1995).

BOTTOM OXYGENATION 

Pres er va tion of pri mary lam i na tion in dark, or ganic-rich
mudstones is usu ally in ter preted as an in di ca tion of low ox y gen
lev els at the depositional in ter face that pre vents bioturbation
(Wignall, 1994). The com mon pres ence of biogenic struc tures
in the de pos its stud ied is not con sis tent with truly anoxic con di -
tions on the seafloor. How ever, the im pov er ished as so ci a tions
of trace fos sils and ben thic fauna point to some ox y gen de fi -
ciency, an in di ca tion re in forced by the dom i nance of
ichnofossils typ i cal of ox y gen-poor set tings, such as Chondrites
and Trichichnus (Bromley and Ekdale, 1984; McBride and
Picard, 1991) and shelly endofauna rep re sented by nuculoid bi -
valves, known for their high tol er ance of low ox y gen lev els
(Sageman et al., 1991). A monospecific epibenthic as sem blage 
con sist ing of the bi valve Bositra, typ i cal of low-ox y gen en vi ron -
ments (Sageman et al., 1991; Savrda and Bottjer, 1991; Bottjer
and Savrda, 1993), sug gests also that bot tom wa ters were de -
pleted in ox y gen.

The un even dis tri bu tion and vari able in ten sity of biotur -
bation im ply that con di tions on the sea-floor changed with time.
The ba sic com po nent of the ichnofabric is cryptobioturbation,
which is the most com mon biogenic struc ture in the de pos its
stud ied and serves as a back ground for other trace fos sils. This
re sulted from the ac tiv ity of a shal low bur row ing meiofauna that
could live in ex tremely poor-ox y gen ated con di tions, even on an
anoxic sea-floor (< 0.1ml/l O2, Savrda et al., 1984; Bottjer and
Savrda, 1993; Behl, 1995). Trichichnus and pyritized bur rows
are much less com mon, but also oc cur through out the sec tion.
They rep re sent the deep est tier of the ichnofabric and are in ter -
preted as chemosymbiotic or gan isms, pre fer ring ox y gen-poor
con di tions (McBride and Picard, 1991; cf. Leonowicz, 2012).
Rep re sen ta tives of shal lower tiers – Chondrites, Palaeophycus
and Protovirgularia – oc cur mainly within sand and silt ac cu mu -
la tions, re cord ing storm event sed i men ta tion. Palaeophycus,
in ter preted as an open dwell ing bur row of a polychaete (Pem -
ber ton and Frey, 1982; Pem ber ton et al., 2001), and Proto -
virgularia, rep re sent ing the crawl ing traces of bi valves
(Seilacher and Seilacher, 1994), re quire well-ox y gen ated con -
di tions, whereas deep-feed ing Chondrites tol er ates low ox y gen
lev els, bur row ing shal lowly in an ox y gen-lim ited sub strate and
to deeper lev els un der well-ox y gen ated bot tom wa ter con di -
tions (Bromley and Ekdale, 1984; McBride and Picard, 1991).
Such a dis tri bu tion of trace fos sils dis plays trends con sis tent
with the ox y gen-re lated trace fos sil model of Savrda and Bottjer
(1989), sug gest ing that vari abil ity of ichnofabric re flects fluc tu a -
tion of bot tom sed i ment ox y gen a tion. Ac cord ing to this model,
the de crease of di ver sity and pen e tra tion depth of bur rows re -
flects de creas ing ox y gen con tent, lead ing to pro gres sive elim i -
na tion of shal lower tiers.

In the de pos its stud ied, the ichnofabric re cord ing the low est
ox y gen a tion level con sists of cryptobioturbation that per sisted
in bot tom sed i ment as long as any ox y gen was avail able
(Bottjer and Savrda, 1993; Behl, 1995). In their ox y gen-re lated
biofacies model, Savrda and Bottjer (1991) re fer this kind of de -
posit to a quasi-an aer o bic biofacies, char ac ter ized by an ox y -
gen con tent be low 0.1 ml/l O2 (suboxic con di tions). Truly anoxic 
con di tions (0 ml/l O2), pre clud ing de vel op ment of any fauna

(an aer o bic biofacies – Savrda and Bottjer, 1991) might have
ex isted in rel a tively short pe ri ods, lead ing to de po si tion of lay -
ers, up to 1 cm thick, of non-bioturbated clays. These, how ever,
could also re sult from rapid de po si tion of rel a tively thick clay
blan kets (cf. smoth ered bot tom in: Brett, 1983), with out chang -
ing of ox y gen con tent. If sed i ment lay ers were de pos ited un der
ex tremely poorly ox y gen ated con di tions and were thicker than
the depth of meiofaunal bioturbation (af fect ing the up per few
milli metres of sed i ment) only the up per part of them would be
re worked whereas, in the lower part, un dis turbed pri mary fab ric
would be pre served (Savrda et al., 1984; Nittrouer et al., 1998).
The most di verse trace fos sil as so ci a tion, con sist ing of rep re -
sen ta tives of all ichnofabric tiers, re flects tem po rary im prove -
ments of ox y gen a tion. The oc cur rence of this as so ci a tion within 
tempestite de pos its sug gests that reoxygenation events were
the re sult of the wa ter col umn mix ing by storm-gen er ated bot -
tom cur rents, al though the in flu ence of other fac tors, such as
turn over by reg u lar wind shear or de crease of ox y gen con -
sump tion linked with the lower sur face pro duc tiv ity, can not be
ex cluded. Tak ing into ac count the low di ver sity of trace fos sils,
con di tions pre vail ing in the bot tom sed i ment dur ing
reoxygenation ep i sodes should be de fined as dysoxic.

Reoxygenation of bot tom wa ter could also lead to col o ni za -
tion of the sea-floor by the bi valve Bositra, form ing bed -
ding-plane ac cu mu la tions in the mudstones. The sig nif i cant
amount of ar tic u lated spec i mens in “but ter fly po si tion” in these
ac cu mu la tions sug gests that they likely rep re sent ep i sodes of
tem po ral col o ni za tion fol lowed by mass mor tal ity rather than
rapid burial by thick mud blan kets (smoth ered bot tom/obrution
beds – Brett, 1983; Brett and Seilacher, 1991), as in the lat ter
case shells should be pre served in the life po si tion with closed
valves (Brett and Allison, 1998). Bed ding-plane ac cu mu la tions
of epibenthic fauna, oc cur ring within lam i nated black shales,
are char ac ter is tic fea ture of an exaerobic biofacies, de fined by
Savrda and Bottjer (1987) and in ter preted as a re cord of
short-lived reoxygenation ep i sodes in a gen er ally anoxic en vi -
ron ment (Savrda and Bottjer, 1991). How ever, in this con cept a
sharp re dox po ten tial dis con ti nu ity (RPD) is pos tu lated, sit u ated 
di rectly at the sed i ment-wa ter in ter face, pre clud ing the es tab -
lish ment of a bur row ing infauna, whereas in the de pos its stud -
ied bioturbation is com mon. Thus, the ob served ac cu mu la tions
of the bi valve Bositra re flect rather tem po rary ox y gen a tion im -
prove ments within suboxic rather than in truly anoxic en vi ron -
ment as in the case of an exaerobic biofacies. Small
endobenthic bi valves (nuculids and nuculanids), found oc ca -
sion ally in the mudstones, seem to be sin gle spec i mens
brought in from shal lower zones dur ing storms. Thanks to their
high tol er ance of low ox y gen lev els they sur vived some time in
the new set ting, though de creas ing ox y gen a tion of the sea-floor 
pre vented de vel op ment of a denser pop u la tion.

An al ter na tive ex pla na tion of ben thic as so ci a tion vari a tions
in ox y gen-re stricted en vi ron ments was pro posed by Sageman
et al. (1991), who em pha size the role of the ox y gen a tion gra di -
ent at the sed i ment-wa ter in ter face (ben thic bound ary vs. un -
bounded biofacies). In their biofacies Type 1, con sti tut ing the
end mem ber of a re dox gra di ent con tin uum, the re dox bound -
ary is lo cated at some depth within the sub strate, al low ing col o -
ni za tion of the sed i ment by a ben thic infauna. In the sec ond end 
mem ber – biofacies Type 2, the re dox bound ary is lo cated at
the sed i ment-wa ter in ter face, mak ing the bot tom sed i ment un -
in hab it able, ex cept for a low-ox y gen tol er ant epifauna. In this
case, fluc tu a tions of the chem i cal bound ary may lead ei ther to
mass mor tal ity of ben thic fauna, if it ex tends above the
sea-floor, or to brief col o ni za tion ep i sodes, if it moves be low the
sur face. The ben thic fau nal as so ci a tion from the de pos its stud -
ied sug gests bot tom con di tions sim i lar to a Type 2 en vi ron ment. 
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The re dox bound ary, sep a rat ing anoxic and dysoxic zones, was 
lo cated prob a bly just be low the sed i ment-wa ter in ter face. This
en abled col o ni za tion of the sed i ment by or gan isms highly tol er -
ant of low ox y gen lev els, in clud ing a meiofauna that re worked
the up per most part of the sub strate and some infaunal,
chemosymbiotic an i mals, pro duc ing pyritized bur rows and
Trichichnus. The sea-floor could have been in hab ited by scat -
tered epibenthic bi valves Bositra, oc cur ring now as in di vid ual
spec i mens dis persed in the mudstone. Tem po rary im prove -
ments of bot tom ox y gen a tion caused a down ward shift of the
re dox bound ary and es tab lish ment of con di tions typ i cal of a
Type 1 en vi ron ment with higher dysoxic con di tions pre vail ing
on the sea-floor and within the sed i ment. This re sulted in in -
creased depth of bur row ing and de vel op ment of a more di -
verse, tiered trace fos sil as so ci a tion as well as col o ni za tion of
the sea-floor by a large pop u la tion of the bi valve Bositra. A sub -
se quent de crease in ox y gen con tent in both sed i ment and bot -
tom wa ter led again to up ward shift of the chem i cal bound ary,
caus ing a de cline in bur row ers that de manded higher ox y gen
lev els, and to di min ish ing of the epibenthic pop u la tion. The pos -
si ble brief ex ten sions of this bound ary above the sed i ment-wa -
ter in ter face might have re sulted in the ex tinc tion of epifaunal bi -
valves and the dis ap pear ance of bioturbation. 

To sum up – re gard less of which model would be ap plied –
the bot tom con di tions should be de fined as poorly ox y gen ated
(suboxic = lower dysoxic), with tem po rary im prove ments in ox y -
gen a tion to higher dysoxic lev els. In the model of Savrda and
Bottjer (1991) this would re sult in al ter na tion of quasi-an aer o bic
(in places an aer o bic) and dysaerobic biofacies. Us ing the ter mi -
nol ogy pro posed by Wignall and Hal lam (1991; Wignall, 1994)
this cor re sponds to the poikiloaerobic va ri ety of biofacies 4,
char ac ter ized by in ter ca la tion of shelly and bioturbated laminae 
with laminae de void of benthos and traces of its ac tiv ity. The
scheme of Sageman et al. (1991) de scribes such vari abil ity as
an al ter na tion of Type 1 and Type 2 con di tions, linked to fluc tu -
a tion of the re dox bound ary. 

CONCLUSIONS

This study pres ents the first de tailed sedimentological anal -
y sis of lam i nated mudstones of the Ore-Bear ing Czêstochowa
Clay For ma tion com bined with palaeo eco logi cal char ac ter iza -
tion of the bot tom con di tions. This shows that a key role in their
de po si tion was played by bot tom cur rents gen er ated by fre -
quent storms. These storms were re spon si ble for re dis tri bu tion
of sig nif i cant amounts of sed i ment from shal lower ar eas and
im prove ment of the sea-floor ox y gen a tion by mix ing of the wa -
ter col umn. 

The mudstones stud ied were de pos ited in a mar ginal part of
a shal low epicontinental sea. The depositional site was lo cated
be low storm wave base and the back ground sed i men ta tion was

dom i nated by sus pen sion set tling through the wa ter col umn;
how ever, sed i ment de pos ited in this way is vol u met ri cally mi nor.
Most of the lam i na tion types de scribed re cord storm events that
re peat edly af fected the sea-floor. Sed i ment was brought in by
fine-grained sus pen sion cur rents mov ing near the bot tom, which
trans ported the lower por tion as bedload. These cur rents in ter -
mit tently re worked de pos ited ma te rial, win now ing the fin est par ti -
cles and re de pos it ing the coars est ma te rial in form of starved rip -
ples. The cur rents may have been gen er ated as wave-in duced
tur bid ity cur rents, which car ried sus pended sed i ment in the form
of fluid mud lay ers. The type and thick ness of event laminae re -
flect the in ten sity of storm pro cesses. The source area of
storm-de rived ma te rial was most likely a shal low, nearshore
zone. Al ter na tively, sed i ment could be also sup plied from
intrabasinal swells, re sult ing from synsedimentary tec ton ics.

Con di tions on the sea-floor were re stricted due to the low
ox y gen a tion of both sed i ment and bot tom wa ter. This led to de -
vel op ment of quasi-an aer o bic biofacies, which changed in ter -
mit tently dur ing reoxygeantion events to dysaerobic biofacies.
These events were linked most likely with wa ter col umn mix ing
dur ing storms, al though other pro cesses in creas ing ox y gen a -
tion can not be ex cluded. Ox y gen a tion rises were ac com pa nied
by the shift of re dox bound ary from the sed i ment-wa ter in ter -
face into the sed i ment, en abling the de vel op ment of a tiered
ichnofabric. Prob a bly brief anoxic pe ri ods, dur ing which the re -
dox bound ary ex tended above the sed i ment-wa ter in ter face,
may have led to the mass mor tal ity of the epifaunal bi valve
Bositra, colonizing the sea-floor during reoxygenation events.

The pres ent study dem on strates the value of microstruc tural
anal y sis in en vi ron men tal stud ies of fine-grained rocks and re in -
forces the ev i dence that mudstones can be de pos ited by cur rent
ac tiv ity. It points to the im por tant role of bedload trans port in the
de po si tion of the mudstones stud ied and to the sig nif i cant share
of wave-in duced fluid mud flows in sed i ment der i va tion. This in -
ter pre ta tion of change able bot tom con di tions with pos si bly brief
anoxic events con trib utes to the gen eral palaeo eco logi cal in ter -
pre ta tion of the Ore-Bear ing Czêstochowa Clay For ma tion. The
study con sti tutes a good start ing point for sedimentological anal -
y ses of other de pos its of the ore-bear ing clays, show ing dif fer ent
grades of bioturbation, and to the re con struc tion of lithofacies
dis tri bu tion within the sed i men tary ba sin.
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