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Ab stract: Mid-Cre ta ceous turbidites with large pro por tions of sponge spicules are widely dis trib uted in the
Silesian Nappe of the Outer Carpathians, giv ing rise to di ver si fied types of sed i ments, from spiculites to
spicule-bear ing siliciclastics and calcarenites. Part of this suc ces sion, Mid dle–Late Cenomanian in age, was
trans formed into cherts. A microfacies study showed that these turbidite sed i ments un der went sev eral stages of
calcitization and sili ci fi ca tion, which took place dur ing Mid-Cre ta ceous times in dif fer ent sed i men tary en vi ron -
ments, i.e., on a north ern shelf bor der ing the Silesian Ba sin and on a deep sea floor. The first diagenetic changes
were re lated to changes to the bi otic com po nents of the turbidite lay ers, dom i nated by si li ceous sponge spicules.
This pro cess, which took place in the spiculitic car bon ate mud on the shelves, was re lated to the calcitization of
sponge spicules. Cal car e ous clasts and cal ci fied skel e tal el e ments also were cor roded by bac te ria. Af ter trans -
por ta tion down the slope, the biogenic and siliciclastic par ti cles were de pos ited be low the car bon ate com pen sa tion 
depth. Taphonomic pro cesses on the ba sin floor and al ter nat ing phases of car bon ate and sil ica cementations,
recrystallization and dis so lu tion oc curred in these sed i ments and were re lated to the di ver si fi ca tion in com po si tion 
of suc ces sive turbidite lay ers. Sili ci fi ca tion was re lated to the for ma tion of quartz pre cip i tates as fi brous chal ce -
dony or microcrystalline quartz, which were de rived from the ear lier dis so lu tion of amor phous sil ica, orig i nat ing
mostly from si li ceous sponge spicules and radiolarian skel e tons. How ever, a source of sil ica from hy dro ther mal
vents was also pos si ble. The ini tial sil ica pre cip i ta tion could have taken place in a slightly acidic  en vi ron ment,
where cal cite was si mul ta neously dis solved. A num ber of sili ci fi ca tion stages, vis i ble as dif fer ent forms of sil ica
pre cip i tate in side moulds af ter bioclasts, oc cur in the par tic u lar turbidite lay ers. They were re lated to changes in
var i ous el e ments of the pore-wa ter pro file af ter de scend ing tur bid ity-cur rent flows. A very low sed i men ta tion rate
dur ing the Mid dle–Late Cenomanian in the Silesian Ba sin may have fa voured the se quence of ini tial calcitization
and sili ci fi ca tion stages of the turbidite sed i ments.
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IN TRO DUC TION

Spicule-bear ing turbidites are very char ac ter is tic sed i ments, 
ac cu mu lated dur ing the Cenomanian in the Outer Carpathian
bas ins of the Tethyan do main, spread ing out along the south ern
edge of the Eu ro pean Plat form (Sujkowski, 1933; Ksi¹¿kie-
wicz, 1951, 1956; Unrug, 1959; Alexandrowicz, 1973). Sponge 
spicules are the main com po nents of me dium- to thick-bed ded
turbidites in gaize, spiculite and chert lay ers in me dium- to
thick-bed ded turbidites. The Mid dle–Up per Cenomanian
sediments in the Silesian and Subsilesian nappes of the Outer
Carpathians, named the Mikuszowice Cherts, are an ex am ple 

of such fa cies ex tend ing along the Outer Carpathians arc over 
a dis tance of more than 300 km (e.g., Burtanówna, 1933;
Ksi¹¿kiewicz, 1951; Burtan and Skoczylas-Ciszewska, 1956; 
Koszarski and Nowak,1960; Koszarski and Œl¹czka, 1973).
The si li ceous sponge spicules with radio lar ians, foraminifers, 
and siliciclastic and cal car e ous ma te rial cre ate a se ries of
fine-grained turbidites in this unit, in ter ca lated with hemipe-
lagic, non-cal car e ous clays (B¹k M. et al., 2011).

This pa per fo cuses on well de vel oped and well ex posed 
spicule-rich turbidites in the cen tral part of the Silesian Ba -



sin of the Outer Carpathians (Fig. 1). Pre vi ous field and mi -
cro scope ob ser va tions (B¹k M. et al., 2005, 2011) in di cated
that these sed i ments had un der gone sev eral stages of dia-
ge netic pro cesses with car bon ate and si li ceous ce men ta tion, 
lead ing to the for ma tion of nu mer ous chert lay ers. The

cherts oc cur as thin lay ers in the me dium- to thick-bed ded
turbidite sand stones.

Sili ci fi ca tion events pro duc ing microcrystalline quartz
through the trans for ma tion of biogenic amor phous opal-A
was sug gested by many au thors with re gard to var i ous sed i -
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Fig. 1. Lo ca tion of the study area. A. The Carpathians against the back ground of a sim pli fied geo log i cal map of the Al pine orog eny and 
their fore land. B. Tec tonic sketch map of the West ern Carpathians with lo ca tion of the Silesian and Sub-Silesian nappes. C. Lo ca tion of
the sec tions stud ied in the Silesian Nappe of the Outer Carpathians against the back ground of a con tour map (Bryndal, 2014); bound aries
of struc tural units af ter Oszczypko (2004): J – Barnasiówka-Jasienica Quarry, OG – Ostra Góra Quarry, T – Trzemeœnia; BR – Barna-
siówka Ridge. D. Ex am ple of suc ces sion of spicule-bear ing turbidites (thick-bed ded sand stone layer) in the up per part of the Mikuszowice 
Cherts (Up per Cenomanian) ex posed in the Barnasiówka-Jasienica Quarry. E, F. Ex am ple of a sin gle spicule-bear ing sand stone with a
chert layer.



men tary rocks. Re view ar ti cles re lated to this prob lem in -
clude those by: Wil liams and Crerar (1985), Wil liams et al.
(1985), Hesse (1989), and Knauth (1994). The chem i cal and 
min er al og i cal changes oc cur ring in this trans for ma tion pro -
cess were pre sented on the ba sis of ex per i men tal in ves ti ga -
tions (e.g., Mizutani, 1970) and com monly in re la tion to
stud ies of oce anic sed i ments in the Deep-Sea Drill ing Pro -
ject (e.g., Calvert, 1971; Von Rad and Rösch, 1972, 1974;
Hurd, 1973; Calvert, 1974; Wise and de Weaver, 1974;
Keene, 1975; Riech and von Rad, 1979; Hurd et al., 1981;
Baltuck, 1986; Cady et al., 1996), turbidite sed i ments
(Elorza and Bustillo, 1989) and the chalk fa cies of epiconti-
nental seas (e.g., Clay ton, 1986; Zijlstra, 1987; Madsen and
Stemmerik, 2010).

The aim of this study is to elu ci date the pro cesses and en -
vi ron ment that led to the diagenetic trans for ma tions of bio-
genic par ti cles, which are com po nents of the turbidites, and
to de ter mine the diagenetic his tory of the spicule-bear ing
sed i ments af ter their de po si tion in a deep-sea en vi ron ment.

This study is based on microfacies anal y sis, in con junc -
tion with SEM ob ser va tions on the biogenic par ti cles of
silty/sandy turbidites and also the se quences of gen er a tion
of ce ment and dis so lu tion of var i ous par ti cles, which took
place be fore their de po si tion and af ter their burial.

GEO LOG I CAL BACK GROUND

The study area is lo cated in the cen tral part of the Sile-
sian Nappe in the Outer Carpathians (Fig. 1A–C), in the
Lanckorona-¯egocina tec tonic zone (Ksi¹¿kiewicz, 1951;
Koszarski and Œl¹czka, 1973). Dur ing the Cre ta ceous, the
sed i ments of the Silesian Nappe ac cu mu lated in the north -
ern part of the Carpathian bas ins, known as the Silesian Ba -
sin, re stricted to the south by the Silesian Ridge (cor dil lera)
and to the north by the south ern shelves of the West Eu ro -
pean Plat form or the Sub-Silesian sub merged ridge (Ksi¹¿-
kiewicz, 1962).

Mid-Cre ta ceous sed i men ta tion of the spicule-bear ing
turbidites in this area be gan with the ac cu mu la tion of the
Albian–Lower Cenomanian Mid dle Lgota Beds (Ksi¹¿kie-
wicz, 1951; Unrug, 1959) and came to an end dur ing de po -
si tion of the Turonian Var ie gated Shale, with an in ter rup -
tion dur ing the up per most Cenomanian–low er most Turo-
nian, re lated to Oce anic Anoxic Event 2 (OAE2; B¹k,
2007a; Okoñski et al., 2014). The de tri tal ma te rial was sup -
plied by turbidite cur rents from the shelves and slopes of the 
West Eu ro pean Plat form, as doc u mented by the ori en ta tion
of the flute casts of sand stone lay ers (Ksi¹¿kiewicz, 1962;
Unrug, 1977). Nu mer ous biogenic par ti cles with large
amounts of sponge spicules oc cur ring in these turbidites
orig i nated from the growth and de struc tion of sponge com -
mu ni ties, built of the rigid skel e tons of sponges mostly of
lithistids group, and formed on the same shelves. The de tri -
tal grains and biogenic par ti cles of the turbidites cor re spond 
mostly to the Tb-d di vi sions of the clas sic Bouma se quence
(B¹k M. et al., 2011). They are com monly graded, with
sand/silt pass ing up wards into mud. The big gest par ti cles
are loose sponge spicules, with an av er age max i mum di-
mension rang ing from 100 to 200 µm.

The spicule-bear ing turbidites stud ied be long to three
lithostratigraphic units: the Mid dle Lgota Beds, the Miku-
szowice Cherts (the so-called Up per Lgota Beds) and the
Barnasiówka Radiolarian Shale For ma tion (Fig. 2). Gen er -
ally, all of them are dom i nated by turbidite sand stones, mud-
stones and claystones, with in ter ca la tions of non-cal car e ous,
green to black shales. The Mid dle Lgota Beds (Aptian–
Lower Cenomanian; Geroch et al., 1967; B¹k M. et al., 2005) 
con sist mainly of thin-bed ded turbidites with very thin, hemi- 
pe lagic, partly si li ceous clays. The most char ac ter is tic fea ture 
of the over ly ing Mikuszowice Cherts (Mid dle–Up per Ceno-
manian; B¹k M. et al., 2005) is the oc cur rence of blu ish chert
lay ers in the mid dle and up per parts of me dium- and thick-
bed ded, fine-grained sand stones (Fig. 1E, F). In turn, the Bar- 
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Fig. 2. Strati graphic logs of the Mikuszowice Cherts (MC) and
the en com pass ing units at the Barnasiówka-Jasienica, Barnasiówka- 
Ostra Góra and Trzemeœnia sec tions, with lo ca tions of the sam ples
stud ied. Num bered sam ples are re lated to pho to graphs in Fig ures
3–6. BRSF–Barnasiówka Radiolarian Shale For ma tion.



nasiówka Radiolarian Shale For ma tion (Up per Cenomanian– 
low er most Turonian; B¹k K. et al., 2001) con sists of
thin-bed ded silty and muddy turbidites, with thicker in ter ca -
la tions of hemipelagic, green to black claystones. The suc ces -
sion of turbidites di rectly pre cedes the up per most Cenomanian 
black, or ganic-rich shales, rep re sent ing the sed i ments of OAE2
(B¹k K., 2006, 2007a–c; B¹k M., 2011).

MA TE RIAL AND METH ODS

Three sec tions in clud ing the spicule-bear ing turbidites,
which be long to the Cenomanian sed i ments of the lithostra-
tigraphic units men tioned above, were sam pled with mi cro-
fa cies stud ies in mind. Two of them, the Barnasiówka-
Jasienica (Fig. 1D) and the Barnasiówka-Ostra Góra are ex -
posed in quar ries at the Barnasiówka Ridge (2 km away),
near Bysina and Jasienica vil lages, a few kilo metres west of
Myœlenice town (Fig. 1C). A third one, the Trzemeœnia sec -
tion, is ex posed near the mouth of a right trib u tary of Za-
sanka Creek, in Trzemeœnia vil lage (Fig. 1C). The de tailed
lo ca tion of the sec tions stud ied and their re la tion ship to the
re gional ge ol ogy was pre sented by B¹k K. et al. (2001). The 
lo ca tion of the sam ples used in this study (Fig. 2) is the
same as that pre sented in pa pers by B¹k M. et al. (2005) for
the Barnasiówka-Jasienica and Barnasiówka-Ostra Góra
sec tions, and by B¹k K. (2007a) for the Trzemeœnia sec tion.

The microfacies and microfossils were de ter mined and ana -
lysed in forty-six thin sec tions, made from eigh teen sam ples of
the sand stones. The re place ment tex tures as well as sil ica and
car bon ate cementations ob serv able in thin sec tions were descri-
bed. These tex tures were in ter preted with re spect to the com po -
si tion of biogenic (car bon ate and si li ceous) sed i ment par ti cles.

Se lected min eral con stit u ents of the sponge spicules
were stud ied by elec tron microprobe point anal y ses, us ing a
Hitachi S-4700 SEM with a link Noran Van tage EDS (the
data were cor rected us ing the ZAF/PB programme). The
sponge spicules used in this anal y sis were ex tracted from the
turbidite sand stone lay ers. They came from pieces weigh ing
about 200 g, which were treated with 3–5% hy dro flu oric
acid. The res i dues (1–3 g) were dried, weighed and washed
through sieves with mesh di am e ters of 63–500 µm.

Thin sec tions of the rock used in microfacies anal y ses and
cells with sponge spicules are housed in the Fac ulty of Ge ol -
ogy, Geo phys ics and En vi ron men tal Pro tec tion, at the AGH
Uni ver sity of Sci ence and Tech nol ogy, Kraków, Po land.

RE SULTS

Gen eral sed i men tary fea tures of turbidites

A sin gle turbidite layer in the suc ces sions stud ied rep re -
sents a se quence of var i ous lithotypes, re sult ing from cur -
rent sort ing of par ti cles with var i ous shapes, weights and
dif fer ent spe cific grav i ties. One depositional turbidite event
may con tain suc ces sively (Fig. 3): (1) de tri tal grains such as 
quartz and/or lithic grains, usu ally form ing sublitharenite,
which passes up wards into (2) sublitharenite with in creas -
ing con tent of biogenic par ti cles such as sponge spicules
and cal car e ous ben thic foraminifers, (3) spiculitic sublitha-
renite, (4) spiculite, which usu ally passes into (5) lithotypes
con tain ing more micrite/sparite with in creas ing amounts of
plank tonic foraminifers and radio lar ians. These se quences fi -
nally pass into a hemipelagite layer, cor re spond ing to deep-
wa ter pe lagic sed i men ta tion and con tain ing ag glu ti nated ben -
thic foraminifers and radio lar ians, but de void of cal car e ous
mi cro-/nannofossils. The bound aries be tween the lithotypes
men tioned above usu ally fa cil i tated the later sili ci fi ca tion
pro cess dur ing the diagenetic re mobi li sa tion of sil ica.
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Fig. 3. The most char ac ter is tic microfacies of spicule-bear ing
turbidites oc cur ring in the Mid dle Lgota Beds and Mikuszowice
Cherts (A–C: plane light; D: crossed polars). A. Biomicrite with
radio lar ians (r) and plank tonic foraminifer (pf); sam ple Bar-5. B.
Biomicrite with ben thic foraminifers (f) and sponge spicules (sp);
sam ple Bar-5. C. Spiculitic sublitharenite; sam ple Bar-57. D.
Sublitharenite with cal ci fied spicules (sp); sam ple Bar-64.



Dis tri bu tion of microfacies in the lithostratigraphical
units stud ied

The Mid dle di vi sion of the Lgota Beds is com posed of
centi metres-thick, diagenetically al tered beds (up to 25 cm
thick) of fine- to me dium-grained, dark grey and black sub-
litharenites, si li ceous shales and biomicrites, partly si lici -
fied, in pack ages up to 20 cm thick. The coarser ma te rial in
the turbidite lay ers gen er ally rep re sents sublitharenites, in
places con tain ing cal car e ous ben thic foraminifers and sponge 
spicules. The fin est calcarenitic ma te rial cor re sponds to bio-
intramicrites and mudstones.

The Mikuszowice Cherts are the main body of the spi-
cule-bear ing turbidites. They are com posed of centi metre-
thick lay ers, which are fine-grained siliciclastics as sub-
litharenites, mudstones and siltstones with biogenic ad mix -
ture, and also calcarenites to calcisiltites, usu ally si lici fied.
In some places, the siliciclastics pass into car bon ate sed i -
ments with vari able de tri tal ad mix tures. The microfacies
com po si tion shows the fol low ing types: (1) fine- to me -
dium-grained sublitharenite with calcitic ma trix/ce ment, in
places with a biogenic ad mix ture, (2) sublitharenite with
sponge spicules con tain ing 5–10% of sponge spicules, (3)
spiculitic sublitharenite, (4) spiculite con tain ing up to 90%
of sponge spicules, with rare foraminifers and radio lar ians
and very rare de tri tal grains which are quartz and glauco-
nite, and (5) biomicrite/sparite with radio lar ians, plank tonic
and ben thic cal car e ous foraminifers, and rare sponge spi-
cules. Pure sublitharenites, sublitharenites with a biogenic
ad mix ture, and spiculitic sublitharenite are the most com mon
microfacies in the up per part of the Mikuszowice Cherts.

The lower part of the Barnasiówka Radiolarian Shale
For ma tion is the unit, which marks the fi nal oc cur rence of
spicule-bear ing turbidites within the Cenomanian suc ces -
sion. These sed i ments are com posed of centi metres-thick
lay ers (up to 12 cm thick), in which fine-grained siliciclas-
tics as sublitharenite, mudstones and siltstones oc cur, with a 
biogenic ad mix ture, and calcarenites to calcisiltites, usu ally
si lici fied.

Petrographic fea tures of biogenic and in or ganic
com po nents in turbidites

The turbidites in clude mainly sponge spicules within
the bi otic com po nents. Less com mon are radio lar ians,
plank tonic and cal car e ous ben thic foraminifers, inoceramid
prisms, and echinoderm os si cles. Chert lay ers in the turbi-
dites dis play a sim i lar com po si tion of biogenic par ti cles, al -
though the si li ceous microfossils are much better pre served.

Sponge spicules
Spicules of sponges re cog nised in the ma te rial stud ied

be long to two tax o nomic groups of si li ceous sponges in the
class level as Demospongea Sollas 1875 and Hexactinellida
Schmidt 1870 (B¹k M. et al., in press). Most spicules be -
long to the lithistid demosponges, which are clas si fied as
the polyphyletic (in for mal) group of class Demospongea,
char ac ter ized by rigid skel e tons com posed of desmas spi-
cules (e.g., Pisera and Lévi, 2002). Spicules pre dom i nate
among the biogenic com po nents (Figs 3, 4), rang ing from

10 to 60% of their to tal vol ume. They were orig i nally made
up of hy drated, amor phous, noncrystalline sil ica (opal-A);
how ever this did not oc cur in the ma te rial stud ied. The char -
ac ter is tic fea ture of the spicule was an open ax ial ca nal, cir -
cu lar in out line (Fig. 4A, N). Spicules in the sed i ments stud -
ied rep re sent two main types of pres er va tion. They are (1)
re placed by blocky cal cite (Figs 4I, J, O–R, 5) and (2) re -
placed by var i ous phases of sil ica (Fig. 4L, M1, M2).

(1) Re place ment by blocky cal cite rep re sents the predo-
minant type of pres er va tion of spicules. Var i ous cross-sec-
tions and SEM ob ser va tions in clud ing EDS mea sure ments
show that cal cite very con sis tently re placed the whole spicule 
(Fig. 5). The ax ial ca nal of the spicule is usu ally ob scured
and filled in by the same type of cal cite ce ment as the outer
part of the spicule (Fig. 5E). How ever, some of the cal ci fied 
spicules dis play a well pre served open ca nal (Fig. 4N).

 (2) Spicules re placed by more sta ble sil ica phases are
rare in the Lower–Mid dle Cenomanian part of the suc ces -
sion stud ied and their num bers in crease in the Up per Ceno-
manian turbidites, where they pre dom i nate among the bio-
genic clasts. They are com posed of microcrystalline quartz
(Fig. 4D–H, K–M2) or fi brous quartz (Fig. 4E, M2). An ax ial 
ca nal has not been pre served in most of the spicules.

Radio lar ians
Radio lar ians are com mon in the turbidite lay ers, but

poorly to mod er ately pre served (Fig. 6A–C). Only 15% of
the skel e tons are iden ti fi able. The num ber of in di vid u als var -
ies, de pend ing on the type and der i va tion of the host-sedi-
ment. They are nu mer ous in the sand frac tion within the tur-
bidites stud ied, even ex ceed ing 10 000 in di vid u als per 100 g of 
the rock sam ple. Their skel e tons are mostly recrystallized or
pres ent as voids, ce mented by cal cite (Fig. 6B1, C).

Foraminifers
The con tent of cal car e ous (ben thic and plank tonic)

foraminiferal tests ranges from 1 up to 10% of the en tire
microfacies con tent. Ben thic foraminifers are usu ally pres -
ent as voids, re duced in vol ume by in fill ings of cal cite ce -
ment (Fig. 6D–F). Their pri mary walls were re placed by
fringe sparite (Fig. 6D–F2). Some of them are empty, but
usu ally they are filled with calcitic or si li ceous ce ment (Fig.
6D–K). The tests of plank tonic foraminifers were usu ally
re placed by fringe sparite (Fig. 6D) or a micritic en ve lope
(Fig. 6I–K).

Microborings
Post-mor tem microborings of car bon ate bioclasts and

some of car bon ate intraclasts by bac te ria are also char ac ter -
is tic of the ma te rial stud ied. Many tests of plank tonic and
ben thic foraminifers, and cal ci fied demosponge spicules
have a micritic halo (Fig. 6I–K) around their outer mar gins,
which is a com bi na tion of the microboring pro cess and the
later in fill ing of the bor ings with cryptocrystalline cal cite.

Py rite framboids
Spher i cal py rite framboids are at tached di rectly to the

in ner sur faces of foraminiferal tests, both plank tonic and
ben thic (Fig. 6E–F2, I–K). They could be in con tact with
cal cite ce ment, re duc ing the po ros ity of the test. Ad di tion -
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ally, the framboids are lo cated be tween cal cite crys tals,
which partly re placed the foraminiferal test wall (Fig. 6K).
More over, the py rite framboids may infill the cen tral part of
a sponge spicule left af ter the pri mary stage of sil ica ce men -
ta tion (Fig. 4E, G, H).

Ma trix
The con tent and com po si tion of the ma trix change

along in di vid ual turbidite lay ers and dif fer be tween par tic u -
lar turbidites within the suc ces sion stud ied. The ma trix con -
sists mostly of detritic clay min er als, micrite, rhombic do lo -
mite crys tals and or ganic mat ter in the turbidites of the Mid -
dle Lgota Beds (Fig. 6B–D), with an in creas ing amount of
car bon ate and Fe-ox ides in the un der ly ing parts of the suc -
ces sion stud ied. The car bon ate ma trix (pri mary micrite) is
usu ally vis i ble as recrystallized in the form of sparite and
blocky cal cite, or it was partly re placed by chal ce dony and
microcrystalline quartz (Fig. 6D).

Cal car e ous and si li ceous ce ments
Car bon ate ce ment is rep re sented by rhombic cal cite and 

do lo mite crys tals and as micrite, show ing dif fer ent de grees
of recrystallization (Fig. 7C, D). Rhombic cal cite-like crys -
tals and rare do lo mite crys tals oc cur in a con tact with mi cro- 
quartz and chal ce dony, which fill in dif fer ent types of po ros -
ity in the sed i ment. Cal cite crys tals formed syntaxial over-
growths on the cal ci fied spicules of sponges (Fig. 5B–F).

Sil ica ce ment usu ally filled in the ear lier voids left af ter
the dis so lu tion of cal car e ous bioclasts and the cal ci fied spi-
cules of si li ceous sponges. Some of these par ti cles were pre -
vi ously over grown by syntaxial cal cite (Figs 7H, 8A–F),
then fi brous chal ce dony and microcrystalline quartz pre cip -
i tated in the voids (Fig. 7C, D, I, J). Chal ce dony and mi cro-
quartz also re placed cal cite rhom bo he dra and the pri mary
micritic ma trix (Fig. 7G–K).

Struc tures left af ter me chan i cal com pac tion
Some of the in ter nal struc tures in the turbidite lay ers

remained af ter pre vi ous me chan i cal com pac tion. Si lici fied
rocks usu ally dis play load-cast struc tures, in di cat ing sili ci fi -

ca tion af ter early me chan i cal com pac tion. Other lines of ev i -
dence are microfracturing of some sponge spicules (Fig. 4I),
cal cite crys tals (Fig. 8), su tured con tacts be tween quartz and
glauconite grains or in di vid ual car bon ate grains (Fig. 9A, B),
plas tic de for ma tion of lithic frag ments (Fig. 9A) and de for -
ma tion of mica flakes (Fig. 7B).

Struc tures left af ter chem i cal com pac tion
The main struc tures pro duced by chem i cal com pac tion

are seams and sty lo lites caused by pres sure so lu tion. Sty lo -
lites are pres ent in the car bon ate-rich beds that con tained a
pre dom i nantly car bon ate ma trix. The sty lo lites sep a rate
particles with an in sol u ble res i due (clay min er als, iron ox -
ides, and or ganic mat ter; Fig. 7E, F). Small sty lo lites oc cur
usu ally in the biointramicrites, where quartz, silt and small
opaque grains have ac cu mu lated as a res i due af ter pres sure
dis so lu tion.

Oc cur rence and pe trog ra phy of cherts

The out stand ing fea ture of these de pos its is the oc cur -
rence of light grey and blu ish cherts in the Mikuszowice
Cherts (Fig. 1E, F), but they also are pres ent in the Mid dle
Lgota Beds. The cherts form lay ers from milli metres up to
sev eral centi metres in scale, and ac count for up to 50% of
the bed. The cherts are par al lel-lam i nated, sim i lar to the
host sed i ment (Fig. 1E, F). Thin sec tions show that the mor -
phol ogy of the chert lay ers is con trolled by the pri mary sed i -
ment com po si tion, sed i men tary struc tures and po ros ity. The 
cherts may have sharp con tacts with the un der ly ing sed i -
ments and pass through the over ly ing one. Ini tially, sil ica re -
placed very con sis tently car bon ates in form of micrite and/or
sparite. Most of the sil ica is in the form of microcrystalline
min er als (microquartz, megaquartz, and chal ce dony; e.g.,
Hesse, 1989; Flörke et al., 1991; Heaney, 1993). 

In the sed i ments stud ied, microquartz is char ac ter ized
by mo sa ics of equal-sized crys tals, up to 20 µm across, with
un du la tory ex tinc tion. Microquartz usu ally re placed car -
bon ate sed i ment, and bioclasts, and is the first ce ment gen -
er a tion to fill pri mary intraparticle po ros ity. Megaquartz is
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Fig. 4. Var i ous pres er va tion stages of sponge spicules ob serv able in thin sec tions of spicule-bear ing turbidites, Outer Carpathians. A.
Gen er al ized mor phol ogy of a si li ceous sponge spicule. B–F. Draw ings show ing the types of recrystallization and re place ment of sponge
spicules pres ent in the ma te rial stud ied. G, H. The same pho to mi cro graph un der plane light (G) and crossed polars (H), show ing suc ces -
sive stage of sil ica crys tal li za tion in void af ter sponge spicule. The pro cess started with par tial over grow ing by microcrystalline sil ica (mq) 
from out side to ward the in ner part of the void. The py rite crys tals (py) grew in the emp ti ness left af ter sili ci fi ca tion; sam ple TrzM-3. I.
Spicule of si li ceous sponge re placed by blocky cal cite; sam ple TrzM-1. J. Close-up view of Fig ure I show ing bac te rial-size microborings
(mb) pres ent along the spicule out line. Outer spicule sur face vis i ble on cross-sec tion pos sesses signs of dis so lu tion (diss). Rounded shape
of the voids in di cates that this pro cess took place when spicule was orig i nally si li ceous. K. Cross-sec tion of ben thic foraminifera test with
orig i nal wall re placed and partly cov ered by sparite. The first stage of in fill ing in volved cal cite-like crys tals, which grew at tached to the
in ner wall. Quartz microcrystals grew dur ing sec ond ary ce men ta tion stage; Sam ple OsG-2. L. An other view of spiculite microfacies
show ing that most of spicule moulds are strongly cor roded. Planktonic foraminifers (pf); sam ple Bar-12. M1. Close-up view of Fig ure L
un der crossed polars, show ing that moulds are com pletely filled by microcrystalline quartz (mq). M2. An other close-up view of Fig ure L
show ing cross-sec tion through mould af ter spicule, which was formed dur ing two stages of sil ica pre cip i ta tion. First stage (1) left rim of
microquartz grain along the out er most wall of a pre vi ous void. Dur ing sec ond stage (2), an empty space left in side void and im i tat ing the
spicule ax ial ca nal, was infilled with chal ce dony; sam ple Bar-12. N. Spicule of Hexactinellid sponge re placed by cal cite crys tals. The
rem nants of ax ial ca nal are vis i ble in side the spicule; sam ple Bar-12. O–R. Pho to mi cro graphs of sublitharenite with spicules of sponges,
show ing dif fer ent cross-sec tions of cal ci fied, pre vi ously si li ceous spicules, re placed by blocky cal cite (sp); sam ple Bar-37. Q. Cal ci fied
spicules of pre vi ously si li ceous sponge. Outer spicule sur face pos sess semi cir cu lar, con cave hol lows, left af ter dis so lu tion (diss).
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Fig. 5. Spicules of sponges, etched by weak so lu tion of hy dro flu oric acid from chertified spiculites. All spicules are pre served as moulds
af ter the orig i nal sil ica, now filled in by cal cite crys tals. A–C.  Phyllotriaene spicules. A. Bro ken part of the spicule in di cates that in ner part
con sists of densely packed cal cite crys tals. B. Close-up view show ing out er most part of the mould af ter spicule, which con sists of small cal -
cite crys tals (sparite), less than 10 µm across. Cav i ties in rhombohedral shape (ar rows) left af ter syntaxial ce ment. C. Pho to mi cro graphs
show ing that spicule mould sur face pos sesses cav i ties in rhombohedral shape (ar row) left af ter syntaxial ce ment. D. Flat der mal spicule pre -
served as mould with sev eral pores with rhombic shape (ar rows) af ter syntaxial cal cite ce ment over growth. E, F. Gen eral view of spicule
mould (E) and close-up of cal cite crys tals with point of EDS anal y sis. Spec i mens cov ered by Au coat ings for anal y sis. All sam ples – Bar-36.



char ac ter ized by mo sa ics of crys tals up to 300 µm in di am e -
ter. It al ways oc curs as a late ce ment af ter gen er a tions of
microquartz and chal ce dony and as the pri mary and sec ond -
ary fill ings of voids af ter cal ci fied spicules and foraminife -

ral cham bers. It is also pres ent as a sec ond ary gen er a tion of
pseudo morphs af ter rhombohedral-cal cite-like crys tals. The 
fi brous va ri ety of quartz is less com mon. Chal ce dony is
pres ent lo cally as a ce ment phase, mostly bot ry oi dal.
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Fig. 6. Bioclasts in spicule-bear ing turbidites. A, B. Spiculitic sublitharenite with com mon radiolarian skel e tons, which are recrystallized
and usu ally filled in with microcrystalline sil ica; A – sam ple OsG-7d; B – sam ple OsG-12. B1. Close-up view of sam ple OsG-12 with crossed 
polars, show ing fi brous microcrystalline sil ica fill ing in radiolarian test. C. Radiolarian spe cies from ge nus Praeco- nocaryomma re placed
and filled in with blocky cal cite; sam ple OsG-7d. D. Orig i nal biomicrite with ben thic (fb) and plank tonic (fp) foraminifers, and rare
glauconite (gl) grains af ter stages of calcitization and sili ci fi ca tion. Foraminiferal cal car e ous tests are recrystallized into sparite. Micritic ma -
trix was sec ond arily recrystallized into sparite or re placed by chal ce dony and microcrystalline quartz. Plank tonic foraminiferal tests are filled 
in with chalcedonic ce ment (ch) or microquartz (mq); sam ple OsG-10. E. Cal car e ous ben thic foraminifer from ge nus Gyroidinoides with test
recrystallized by spar and partly cov ered by fringe cal cite ce ment (fcc – whit ish crys tals in ex ter nal part of wall); sam ple OsG-2.  F1, F2. Cal -
car e ous ben thic foraminifer from ge nus Gavelinella/Lingulogavelinella with cham ber walls micritized (mic) and filled in partly with sparite
(spar) and microcrystalline quartz (mq); sam ple OsG-12. G–K. Dif fer ent pres er va tion states of plank tonic foraminifers from ge nus
Hedbergella. An orig i nal test recrystallized in sparite (G, H) and filled with microquartz (mq) (J). In ner cham bers con tain py rite framboids
(py), at tached to cham ber wall or cal cite, which crys tal lized in side the cham bers (K); H–K – sam ple OsG-11.
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Fig. 7. A. Spicule of si li ceous sponge in sublitharenite, which was re placed by blocky cal cite. Micritic halo (mh) around outer mar gins
of spicule, as a re sult of microboring, filled with cryptocrystalline cal cite; sam ple Bar-30. B. Sublitharenite with ma trix con sist ing of clay
min er als (cm), and micrite (mic). Plas tic de for ma tion of micas flakes (mi) formed af ter me chan i cal com pac tion; sam ple Trz-11. C, D.
Spiculitic sublitharenite with moulds af ter orig i nally si li ceous sponge spicules, sur rounded by two gen er a tions of ce ments (as mi cro-
quartz) and micrite (mic); sam ple Bar-32b. E, F. Two pho to mi cro graphs of microstylolite un der plane and crossed polars. Microstylolite
was formed in layer with pre vail ing car bon ate ma trix (yel low buckle). It sep a rates par ti cles which con sist of in sol u ble res i due as clay min -
er als, iron ox ides, and or ganic mat ter; sam ple Bar-23. G. Cross-sec tion of moulds af ter radiolarian test con tains microquartz (mq) and cal -
cite-like crys tal in side fill of one quartz crys tal (q). H. Void af ter pre vi ously si li ceous spicule of sponge filled in with cal cite ce ment. One
small cal cite crys tal is at tached to in ner wall (c). I. Foraminiferal test filled with microquartz (mq) and fi brous quartz, which were pre cip i -
tated in rhombic space (fq).



DIS CUS SION

Taphonomic and early diagenetic pro cesses dur ing
pre-depositional stage

Nu mer ous biogenic par ti cles oc cur ring in the Cenoma-
nian turbidite spicule-bear ing sed i ments came from the
north ern shelves of the Carpathian bas ins. The po si tion of
these shelf ar eas is in ter preted on the ba sis of palaeocurrent
in di ca tors (e.g., Ksi¹¿kiewicz, 1962). The com po si tion of
bioclasts, char ac ter ized by a large num ber of the frag mented 
(bro ken dur ing trans por ta tion), cal ci fied sponge spicules
(Fig. 8) and cal car e ous ben thic foraminifers, shows that
they orig i nated in the neritic zone of the shelves and on the
up per slope of the Silesian Ba sin (sum mary in B¹k M. et al., 
in press). The orig i nal opal ine sil ica of the spicules was re -
placed by blocky cal cite dur ing the ini tial de cay and/or early 
burial of the si li ceous sponges, which had grown in the car -
bon ate mud (Fig. 9). The var i ous di men sions of cal cite crys -
tals, ob serv able in side the moulds af ter the orig i nal spicules, 
dis play suc ces sive stages of crystallisation (Fig. 4B, C).
Such calcitization of si li ceous sponges con cur rently with

sil ica dis so lu tion is a known phe nom e non, doc u mented
mainly from mod ern and an cient shal low-wa ter en vi ron -
ments, in clud ing spiculitic car bon ate mud-mounds and
reefs (Froget, 1976;  Land, 1976; Wiedenmayer, 1980;  Rei- 
tner and Keupp, 1991; Reitner, 1993; Hammes, 1995;
Reitner et al., 1995; Warnke, 1995; Pisera, 1997; Neuweiler 
et al., 1999; Kauffman et al., 2000). The dis so lu tion of the
opal ine sil ica of spicules and their re place ment by cal cium
car bon ate may have oc curred both within the liv ing sponge,
and dur ing its de cay in the weakly ce mented ma te rial, a few
centi metres thick, as so ci ated with bac te rial mats (Hartman,
1979; Pratt et al., 1986; Bavestrello et al., 1996). Ac cord ing 
to Fritz (1958), af ter the death of a sponge, the or ganic ma-
terial pu tre fies. This pro cess nor mally fa vours the pre cip i ta -
tion of car bon ate (cal cite spar) within and around the sponge
spicules. How ever, at the be gin ning, an ini tial trans for ma tion 
from opal ine to microquartz sil ica takes place within the spi-
cules (e.g., Hartman et al., 1980; Olóriz et al., 2003).

The post-mor tem microborings of car bon ate bioclasts
(foraminiferal tests and echinoid plates), vis i ble as a micri-
tic halo in thin sec tions of the rocks, have been made by
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Fig. 8. Time-spa tial model of early diagenetic pro cesses which took place in neritic and slope en vi ron ments of the Silesian Ba sin



bac te ria dur ing taphonomic-early diagenetic pro cesses,
most prob a bly in soft, poorly ce mented car bon ate mud (B¹k 
M. et al., in press). Such cor ro sion of cal car e ous grains,
caused by bac te ria, is known from var i ous mod ern and an -
cient en vi ron ments (e.g., Lüttge and Conrad, 2004; Da vis et 
al., 2007). The same ef fect of bac te rial cor ro sion is vis i ble
on the cal ci fied spicules of sponges (Fig. 4I, J, O–R). 

An other early diagenetic pro cess, re lated to the
shelf-de rived bioclasts of the turbidites was the for ma tion of 
spher i cal py rite framboids, at tached to the in ner sur faces of
plank tonic and ben thic foraminiferal tests. In some ex am -
ples, growth of them took place also on the sur faces of the
cal cite rhom bo he dra in side the tests. The oc cur rence of
such framboids is re lated to bac te rial col o ni za tion, which
may pro vide lo cal nu cle ation sites for sulphides (e.g.,
Kaplan et al., 1963; Fer ris et al., 1987; Kohn et al., 1998).
How ever, the pyritization in side the empty spaces in
foraminiferal tests also could oc cur af ter their redeposition
on the deep-sea ba sin floor. This can not be un equiv o cally
iden ti fied, be cause the sub se quent pro cesses re lated to dis -
so lu tion of sil ica and calcitization also took place in the
deep-sea en vi ron ment.

These cal ci fied spicules are found mostly in the Tb and
Tc parts of the turbidite lay ers as frag mented par ti cles, which
are as so ci ated with siliciclastic (mainly quartz) grains. All of

them have sim i lar di men sions and oc cur in the micrite/clay
ma trix (Fig. 9B). In some turbidite lay ers, cal ci fied sponge
spicules have been re de pos ited in car bon ate clasts (Fig. 9A).
This shows on the one hand var i ous stages of ce men ta tion of
the car bon ate mud on the shelf, and on the other, the oc cur -
rence of lit to ral cur rents on the shelf, which eroded the sea
floor and trans ported the ma te rial to ward the shelf break. It
should be em pha sized that among the re de pos ited sponge
spicules, trans ported by lit to ral cur rents and tur bid ity cur -
rents, a large quan tity of them were orig i nally si li ceous, but
not those pre vi ously cal ci fied in the shelf and up per-slope
en vi ron ments.

Diagenetic pro cesses at deep ba sin floor

The mech a nism of pro cesses, re lated to the trans por ta -
tion of biogenic and siliciclastic par ti cles from the shelf to
the deep-ba sin floor, and the taphonomic pro cesses on the
ba sin floor are not dis cussed in this pa per. How ever, it
should be emphasised that the de po si tion of this ma te rial
from tur bid ity cur rents took place most prob a bly be low the
cal cium com pen sa tion depth, as doc u mented by the com po -
si tion of ben thic foraminiferal as sem blages in the hemipe-
lagic lay ers, in ter ca lated with the spicule-bear ing turbidites. 
They are de void of cal car e ous benthos and are dom i nated
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Fig. 9. An ex am ple of se quences of sed i men tary and diagenetic events, in ter preted on the ba sis of microfacies.



by deep-wa ter ag glu ti nated forms. Cal car e ous foraminiferal 
plank ton was found only in the turbidites (B¹k M. et al.,
2005, 2011).

The next phase of diagenetic pro cesses, which is dis -
cussed here, took place in the con sol i dated turbidite ma te -
rial, char ac ter ized by the oc cur rence of si li ceous and cal car -
e ous bioclasts, siliciclastic grains, car bon ate grains and mic- 
rite/clay ma trix, re lated to the dif fer ent com po si tions of the
turbidites, giv ing rise to the var i ous Bouma cy cles. The ear -
li est diagenetic pro cess in such an en vi ron ment was the dis -
so lu tion of sil ica from the si li ceous bioclasts in highly al ka -
line con di tions, fol lowed by early calcitization with the for -
ma tion of rhombic cal cite-like crys tals, mostly in side and
around the spicules (Fig. 5), the radiolarian and foramini-
fe ral tests (Figs 4K, 7G, H) and also in the micritic ma trix.
These crys tals were formed in con di tions of high wa ter con -
tent in the sed i ment, as was sug gested pre vi ously by Mišik
(1966, 1993), among oth ers. The car bon ate ce men ta tion
was also re lated to the cre ation of spar crys tals as an ef fect
of micrite recrystallization. Such calcitization was descri-
bed by many au thors with re gard to var i ous en vi ron ments
(e.g., Dietrich et al., 1963; Bustillo and Riuz-Ortiz, 1987;
Gimenez-Montsant et al., 1999). Most of the spicules pre -
served in the bioarenites, spiculitic sublitharenites and spi-
culites were cal ci fied dur ing this early diagenetic pro cess. It 
oc curs as se lec tive calcitization dur ing the early diagenetic
in ter ac tion be tween the sil ica-rich flu ids and the host sed i -
ment be fore later sili ci fi ca tion.

Phases of sil ica cementations
Sev eral phases of sil ica ce men ta tion oc curred in these

sed i ments af ter me chan i cal com pac tion and early calcitiza-
tion (Figs 7G–K, 8C–F). The sili ci fi ca tion was re lated to the 
cre ation of quartz overgrowths and pre cip i tates as fi brous
chal ce dony (Fig. 7I, J) or microcrystalline quartz (Fig. K),
de rived from amor phous sol u ble kinds of sil ica (Fig. 8D–F). 
Dur ing this pro cess, var i ous forms of sil ica pre cip i tates par -
tially re placed cal cite rhom bo he dra and micritic ma trix,
thus re duc ing the mouldic po ros ity af ter biogenic par ti cles.
Bot ry oi dal chal ce dony was formed in the ini tial stages (Fig.
8D), fol lowed by microquartz (Fig. 8E) that en vel oped the
ear lier ma te rial. The ini tial sili ci fi ca tion could take place in
an en vi ron ment that was slightly acidic, where cal cite could
dis solve at the same time as sil ica was be ing pre cip i tated, as
was also dis cussed by Madsen and Stemmerik (2010) in a
study of the diagenesis of flint and porcellanite in the Maa-
strichtian chalk. Ac cord ing to these au thors, the dis so lu tion
of car bon ate and lib er a tion of mag ne sium hydroxyl com -
plexes pro moted the floc cu la tion of sil ica that hap pened
near to or at the sur face of the dis solv ing car bon ate, re sult -
ing in the sili ci fi ca tion of microfossils, pre serv ing their ex -
ter nal shapes. In this re place ment, rhombic do lo mite crys -
tals could be formed. The num ber of sili ci fi ca tion phases,
vis i ble as dif fer ent forms of sil ica pre cip i tates in side the
spicules (Figs 4M, N, 7C, D, 9), vary in par tic u lar turbidite
lay ers; they are re lated to changes in many el e ments of the
pore-wa ter pro file (see dis cus sion in Mizutani, 1970; Knauth
and Ep stein, 1976; Knauth, 1994; Madsen and Stemmerik,
2010), which are not dis cussed here. The pe ri odic sed i men ta -
tion of turbidites con tain ing dif fer ent pro por tions of si li ceous 

to car bon ate par ti cles might have changed, in a va ri ety of
ways, the con di tions in the bot tom and in ter sti tial wa ter,
caus ing the re-es tab lish ment of a pore-wa ter pro file af ter de -
po si tion of the next turbidite layer.

Source of sil ica
The re cent global es ti mates of sil ica bud gets construc-

ted for the world ocean show var i ous sources of sil ica in -
clud ing fluxes re lated to biogenic sil ica pro duc tion and re -
cy cling, biogenic sil ica burial in coastal re gions, out put flu-
xes re lated to re verse weath er ing in es tu ar ies and to spon-
ges, min eral weath er ing, dis so lu tion of amor phous sil ica on
ocean mar gins, and hy dro ther mal fluxes (e.g., Nel son et al.,
1995, Tréguer et al., 1995; Tréguer and De La Rocha, 2013).
Tak ing into ac count the char ac ter of the de po si tion of the
sed i ments stud ied, which took place from di luted silty/sandy
tur bid ity cur rents, and the com po si tion of the shelf-de rived
par ti cles in these turbidites (en riched in sponge spicules and
radio lar ians), trans ported to the deep-wa ter ba sin floor be low 
the cal cium com pen sa tion depth, the au thors sug gest three
main sources of sil ica in the bot tom wa ter. All of them re -
sulted in the later silicification of these sed i ments. Two sil ica 
sources are re lated to the main biogenic com po nents of the
turbidites, i.e., to spicules of si li ceous sponges and ra diola-
rian skel e tons. The third source may be con nected with si-
lica-rich hy dro ther mal vents.

A pos si ble ad di tional source might be di a tom frustules.
The oc cur rence of frustules has been doc u mented in the
claystone lay ers of these sed i ments (B¹k M., 2011). To day,
di a toms are re spon si ble for as much as 30–40% of the pri -
mary pro duc tion at the mod ern ocean sur face (Buesseler,
1998), and could have been a sub or di nate source of sil ica in
the Up per Cenomanian part of the suc ces sion stud ied (Bar-
nasiówka Radiolarian Shale For ma tion).

The radiolarian skel e tons, ini tially com posed of amor -
phous opal-A, could have great sig nif i cance as a sil ica
source in the Up per Cenomanian sed i ments. The re de pos -
ited radiolarian as sem blages are nu mer ous there in the
turbidites. How ever, they are scarce in the hemipelagites,
where there is a pre dom i nance of thick-walled skel e tons, re -
sis tant to dis so lu tion, or as skel e tons re placed by py rite or
fer rous oxyhydroxides. The radio lar ians which oc cur in the
bot tom sed i ments had to be trans ported through the wa ter
col umn in fe cal pel lets (Gersonde and Wefer, 1987; B¹k M., 
2011). The pyrizited radio lar ians found in the hemipelagites 
may in di cate that the pel lets were formed in wa ters which
could have been pe ri od i cally undersaturated with re spect to
sil ica. The rar ity of si li ceous radiolarian de bris in the hemi-
pelagites and their char ac ter is tic state of pres er va tion in this
sed i ment might be ev i dence of the early de cay of such pel -
lets dur ing their de scent in the wa ter col umn and the pro -
gres sive dis so lu tion of the opal ine radiolarian skel e tons.

The pres er va tion and/or dis so lu tion of opal ine radiola-
rian skel e tons and sponge spicules might have been con trol- 
led by a few fac tors and pro cesses (sum mary in DeMaster,
2003), in clud ing the vari a tion in alu minium con tent (re lated 
to an oc cur rence of a thin dis so lu tion-re sis tant, Al-rich opal
layer in the si li ceous skel e tons; Van Cappelen and Qui,
1997a); changes in the spe cific sur face ar eas of par ti cles ex -
posed to cor ro sive ac tion dur ing diagenesis; changes in pro -
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tec tive or ganic coat ings on fresh pel lets in clud ing radiola-
rian skel e tons in the wa ter col umn; changes in bac te rial type 
and their ac tiv ity; dif fer ences in tem per a ture and the de gree
of undersaturation; the ef fects of pH vari a tions; and the sed -
i ment ac cu mu la tion rate.

The lat ter fac tor could have been im por tant in the sil ica
diagenesis of the sed i ments stud ied, be cause it con trolled
the time of ex po sure of si li ceous spicules and radiolarian
skel e tons to low sat u ra tion lev els near the sed i ment-wa ter
in ter face. The biogenic sil ica pres er va tion ef fi cien cies, cal -
cu lated for mod ern oceans in re la tion to var i ous biogenic
sources (e.g., DeMaster et al., 1996) re veal large differen-
ces. Sponge spicules redissolve into silicic acid at far slower 
rates than those known for di a tom frustules (Maldonado et
al., 2005). Sim i lar data came from the lab o ra tory anal y sis of 
the dis so lu tion of radiolarian skel e tons (Morley et al.,
2013). In both cases, there is non-lin ear ity of sil ica dis so lu -
tion with in creas ing depth, with the high est dis so lu tion oc -
cur ring at the wa ter-sed i ment in ter face (Van Cappellen and
Qui, 1997b; Gallinari et al., 2002). Con se quently, a low
sedimentation rate with a low fre quency of turbidite cur -
rents sup ply ing si li ceous bioclasts to the ba sin floor may fa -
vour the dis so lu tion of si li ceous bioclasts. This sug ges tion
was also pre sented for the in ter pre ta tion of ini tial sil ica pre -
cip i ta tion in the North Eu ro pean epicontinental seas, where
the oc cur rence of flint lay ers was cor re lated with omis sion
sur faces and hardgrounds (e.g., Zijlstra, 1987). Fol low ing
these ob ser va tions and us ing data from sim i lar chalk suc -
ces sion, Madsen and Stemmerik (2010) sug gested that the
ini tial pre cip i ta tion of sil ica oc curred near the seafloor dur -
ing pe ri ods of slow or de clin ing sed i men ta tion. A sim i lar
conclusion is pre sented for the ini tial calcitization of bio-
clasts and pre cip i ta tion of sil ica in re la tion to the sed i men ta -
tion rate in the Mikuszowice Cherts stud ied. On the ba sis of
biostratigraphical data from this suc ces sion (B¹k M. et al.,
2005; B¹k M., 2011), cor re lated with the chronostrati-
graphy, an av er age an nual sed i men ta tion rate for con sol i -
dated sed i ments of the Mikuszowice Cherts is es ti mated as
0.025 mm/yr and about 0.1 mm/yr for soft sed i ment. These
are very low sed i men ta tion rates, com pared to the pres ent-
day en vi ron ments of turbidite de po si tion (e.g., Piper and
Deptuck, 1997).

As men tioned ear lier, an other source of sil ica on the
seafloor of the Silesian Ba sin dur ing the Mid dle–Late
Cenomanian could be re lated to hy dro ther mal vents. The
source for sil i con in mod ern high-tem per a ture (mid-ocean
ridges) and low-tem per a ture (ridge flanks) vents is sug -
gested to have been a com bi na tion of sea wa ter re ac tion with 
ba salt and dif fu sive ex change with the over ly ing basal pore
wa ters, which were in pseudo-equi lib rium with amor phous
sil ica (Wheat and McManus, 2005). In the mod ern oceans,
the high-tem per a ture hy dro ther mal sys tems, which leach
sil i con from the oce anic crust, re sult ing in high-silicic acid
hy dro ther mal flu ids, have a higher sig nif i cance in sil i con
fluxes (Tréguer and De La Rocha, 2013). In this pa per, the
au thors ten ta tively sug gest that hy dro ther mal vents could be 
of some rel e vance in fluxes of dis solved sil ica to the sea-
floor dur ing the Mid dle–Late Cenomanian, on the ba sis of
chem i cal data from the over ly ing up per most Cenomanian–
low er most Turonian sed i ments (the top of the Barnasiówka

Radiolarian Shale For ma tion), which con tain two ho ri zons
of Fe-Mn lay ers (B¹k K., 2007b). The chem i cal com po si tion
of these Fe-Mn sed i ments, char ac ter ized by low amounts of
Co, Cu and Zn, a low Co/Zn ra tio, a low Rare Earth El e ments 
con tent with their char ac ter is tic dis tri bu tion pat tern, and pro -
por tions of Mn, Fe and (Ni+Cu+Co) that are typ i cal for hy -
dro ther mal fields, may in di cate a con tri bu tion of sil i con from
a hy dro ther mal source (B¹k K., 2006, 2007a–c).

FI NAL RE MARKS

The Cenomanian spicule-bear ing turbidites in the flysch
suc ces sion of the Silesian Nappe, in the Outer Carpathians,
are highly si lici fied sed i ments, which con tain nu mer ous chert 
lay ers in the Mid dle–Up per Cenomanian part. They un der -
went sev eral stages of diagenetic pro cesses in clud ing the cre -
ation of var i ous gen er a tions of ce ment and the dis so lu tions of 
var i ous types of par ti cle, which took place both be fore and
af ter their de po si tion, and af ter their burial.

The first diagenetic changes, pre cluded by taphonomic
pro cesses, took place dur ing the pre-depositional stage.
These in volved ini tial de cay and/or early burial of sponge
spicules and other microfossils within the spiculitic car bon -
ate mud in the neritic zone of the north ern shelves of the
Outer Carpathian bas ins. In this en vi ron ment, the calcitiza-
tion of nu mer ous si li ceous sponge spicules and radio lar ians
took place. Opal ine sil ica was re placed by blocky cal cite
and the skel e tons of radio lar ians and the tests of plank tonic
and ben thic cal car e ous foraminifers were partly or en tirely
filled with cal cite ce ments. Ad di tion ally, bac te ria have cor -
roded the cal ci fied bioclasts. The py rite framboids could
have been formed on the in ner sur faces of foraminiferal
tests and voids af ter sponge spicules in small empty cav i ties
with de pleted ox y gen con tent. How ever, this pyritization
also could have been pos si ble in a deep-sea en vi ron ment.

Af ter the trans port of biogenic and siliciclastic par ti cles
from the shelves to the deep-ba sin floor be low the CCD, and
af ter taphonomic pro cesses on this ba sin floor, later diage-
netic pro cesses of the bot tom sed i ments were re lated to dif -
fer ences in the com po si tion of suc ces sive turbidite flows.

Be fore the ce men ta tion of par ti cles, me chan i cal com -
pac tion of the host sed i ment af fected the spicule-bear ing
turbidites. Af ter that, sev eral al ter nat ing phases of car bon ate 
and sil ica cementations, recrystallization and dis so lu tion
oc curred in these sed i ments. Dur ing these phases, there was
the for ma tion of rhombic cal cite-like crys tals, es pe cially in -
side of the cal car e ous or si li ceous microplankton skel e tons
(tests), and the cre ation of spar crys tals as an ef fect of mi-
crite recrystallization. Dur ing sili ci fi ca tion, var i ous forms
of sil ica pre cip i tate re placed par tially or en tirely the cal cite
rhom bo he dra and micritic ma trix and caused a re duc tion in
the po ros ity af ter biogenic par ti cles. These stages of sil ica
vs. cal cite dis so lu tion, mo bi li za tion and crystalization were
re lated to pe ri odic sed i men ta tion of suc ces sive turbidite,
con tain ing dif fer ent pro por tion of si li ceous to car bon ates
par ti cles. It might have changed con di tions in the bot tom
and in ter sti tial wa ter, caus ing the re-es tab lish ment of the
pore-wa ter pro file af ter de po si tion of a next turbidite layer.
The ini tial calcitization and pre cip i ta tion of sil ica oc curred
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most prob a bly near the seafloor, fa voured by the low sed i -
men ta tion rate, es ti mated as 0.1 cm/yr dur ing Mid dle–Late
Cenomanian.

Biogenic sources of sil ica may have caused the sili ci fi -
ca tion of the sed i ments stud ied, in clud ing dis so lu tion of
primary si li ceous sponge spicules, radiolarian skel e tons and
di a tom frustules. How ever, a source from sil ica-rich hy dro -
ther mal vents was also pos si ble, tak ing into ac count the pub -
lished data on the up per most Cenomanian–low er most Turo-
nian Fe-Mn sed i ments, which over lie the suc ces sion stud ied
(B¹k K., 2006, 2007a–c). These vents were the sources of
man ga nese and fer rous iron, pre cip i tated on the ba sin floor
and in the bot tom sed i ments dur ing that time.
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