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Ab stract: Li thol ogy, mi cro fa cies, ben thic fo rami nif eral and bulk chemi cal analy ses of the Sp³awa sec tion in the
Skole Nappe, Outer Car pa thi ans (Po land) re flect en vi ron mental changes across the Ce no ma nian–Tu ro nian tran si -
tion. Biogenic- rich- turbidite sedi men ta tion pre ceded the organic- rich sedi men ta tion in the Skole Ba sin, ter mi na-
t ing in the lat est Ce no ma nian in re sponse to pro gres sive eustatic sea- level rise and to ex pan sion of an oxy gen
mini mum zone. The up per most Ce no ma nian black, lami nated, organic- rich shale se ries rec ords the oce anic an oxic 
event (OAE-2). The benthos- free black non- calcareous shales ex hib it ing posi tive ex cur sions of chemi cal re dox
in dexes are in dica tive of bottom- water an oxia, in ter rupted by pe ri ods of suboxic con di tions with sedi men ta tion of
hemipe la gic green shales with poor ag glu ti nated fo rami nif eral as sem blages. An ex tremely low sedi men ta tion rate
or even a hia tus and an in crease in deep- water cir cu la tion caus ing ba sin oxy gena tion re sulted in pre cipi ta tion of a
fer ro man ga nese lay ers and siliceous- manganiferrous varie gated shales, as docu mented by low val ues of chemi cal
re dox in di ces. How ever, the lack of ben thos and bio tur ba tion, and low val ues of the Ce/La ra tio in the sub se quent
suc ces sion of varie gated shales (domi nated by green shales) in di cate a re turn to stressed con di tions at ba sin floor
with slug gish bot tom wa ter cir cu la tion, which oc ca sion ally re sulted in sea floor an oxia with depo si tion of
organic- rich shales. The long- termed well- oxygenated con di tions at the ba sin floor ap peared in the Early Tu ro -
nian, as docu mented by di ver si fied ben thic fo rami nif eral as sem blages. The fre quency of radiolarian- rich lay ers
and Ba/Al and Ba/Sc ra tios in crease up- section, re flect ing an in crease in pri mary pro duc tiv ity, in duced by
up wel ling cir cu la tion.
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IN TRO DUC TION

In the deep- water en vi ron ment, the Ce no ma nian–Tu ro -
nian bound ary in ter val is glob ally marked by the pres ence
of organic- carbon- rich black shales, as so ci ated with ra dio-
larian-rich lay ers. Since the 1970, this in ter val, origi nally
termed the Ce no ma nian–Tu ro nian An oxic Event (OAE;
Schlan ger & Jenkyns, 1976), and later re ferred to as the
Bonar elli Event, the OAE-2, and the Ce no ma nian–Tu ro nian 
Bound ary Event (CTBE), has be come one of the most
studied Phane ro zoic oce anic events. De spite ex is tence of
many con tri bu tions re lated to the OAE-2 (e.g., Ar thur,
1979; Jenkyns, 1980; Sum mer hayes, 1981; Ar thur & Pre -
moli Silva, 1982; Bra lower & Thier stein, 1984; Her bin et

al., 1986; Kuhnt et al., 1990; Ped er sen & Cal vert, 1990;
Peryt & Wyr wicka, 1991, 1993; Ty son, 1995; Sin ninghe
Dam sté & Kös ter, 1998; Gus tafsson et al., 2003; Lün ing et
al, 2004; Kuhnt et al., 2005; Wójcik- Tobol, 2006), lit tle is
known about its rec ord from ba sins with sedi men ta tion be -
low the CCD. The rec ord of OAE-2 from such deep- water
en vi ron ment comes mainly from the trench ba sins lo cated
close to the mar gins of the West ern Te thys and the North
At lan tic DSDP/ODP sites (Sites 398, 641A; Her bin et al.,
1986, 1988; Kuhnt et al., 1990). In the Medi ter ra nean part
of the Te thys, the Ce no ma nian–Tu ro nian bound ary (CTB)
deep- water organic- rich fa cies were re corded from the
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Fig. 1.  A – Palaeo geo graphi cal map of the West ern Tethys across the Carpathians dur ing the Turonian (90 Ma) (af ter Golonka et al.,
2000; Golonka & Krobicki, 2001; sim pli fied) show ing the po si tion of the stud ied sec tion in the Skole Ba sin (Sk), and the lower
bathyal–abys sal sites (be low the CCD) with or ganic-rich de po si tion in the mar ginal parts of the east ern North At lan tic (Sites 398 and 641)
and the West ern Tethys (F – Floresta sec tion, O – Oriolo sec tion; Ma – Mauretanian – Massylian flysch nappes). Ab bre vi a tions of ocean
and plate names: Br – Briançonnais terrane, Ca – Calabria-Cam pania terrane, Cr – Czorsztyn Ridge, EA – East ern Alps, IC – In ner
Carpathians, LC – Lesser Cau ca sus terrane, Mg – Magura Basin, PKB – Pieniny Klippen Belt Ba sin, RD – Rheno-Danubian Basin, Rh –
Rhodopes, SC – Silesian Ridge (Cor dil lera), Si – Sic ily plate, Ssl – Silesian Basin, SSl – Subsilesian Sub merged Ridge, Ta – Tarcau
Basin, Vl – Valais trough. B – Outer Carpathians against the back ground of a sim pli fied geo log i cal map of the Al pine orogens and their
fore land; IC – In ner Carpathians, CF – Carpathian Foredeep, PKB – Pieniny Klippen Belt. C – Skole Nappe against the back ground of the
east ern part of the Pol ish Outer Carpathians. D – Geo log i cal map of the Skole Nappe around the Grunowa – Sp³awa Anticline, with po si -
tion of the stud ied sec tion (af ter Gucik, 1987; sim pli fied); 1 – Spas Shales (Barremian–Albian); 2 – Barnasiówka Radiolarian Shale For -
ma tion (?Mid dle Cenomanian–low er most Turonian); 3 – si li ceous marls with shale, and sand stone in ter ca la tions (Turonian); 4 –
var ie gated shales from Kanasin (Turonian); 5 – marls with shale and sand stone in ter ca la tions (Turonian–Campanian); 6 – var ie gated and
grey marly shales (Coniacian–Campanian); 7 – sand stones and shales with in ter ca la tions of var ie gated shales (un di vided: Turonian–
Paleocene); 8 – var ie gated shales (Lower Eocene); 9 – shales and thin-bed ded sand stones of Hi ero glyphic beds (Lower–Mid dle Eocene)



Mauretanian and Massylian nap pes (Her bin et al., 1986),
the Cal ab rian Arch (Ori olo sec tion; Kuhnt et al., 1990) and
SE Sic ily (Flore sta sec tion; Kuhnt et al., 1990), and also
from the Outer Car pa thi ans (Fig. 1). K. B¹k (2006, 2007a)
made de tailed bi os tra tigraphic, sedi men to logi cal and che-
mical in ves ti ga tions of sec tions from the Sub sile sian and
Sile sian nap pes, cor re spond ing to the deep sub merdged
ridge and mar ginal ba sin, re spec tively.

This pa per pres ents fa cies evo lu tion and the observed
lithological, micropalaeontological (ben thic foraminife ral)
and chem i cal changes across the CTB in the Skole Ba sin,
an other mar ginal ba sin of the Outer Carpathians, lo cated
north east of the Subsilesian Sub merged Ridge, close to the
south ern mar gin of the Eu ro pean Plat form (Fig. 1A). The
in ves ti ga tions are based on data from var i ous fa cies,
exposed at the Sp³awa sec tion, in the cen tral part of the
Skole Nappe, Po land (Fig. 1C). The main ob jec tive of this
study is to pro vide a de tailed microfacies and chem i cal re -
cord of the CTB suc ces sion to ex plain the changes: 1) in ox -
y gen con tent in the bot tom wa ter, 2) in palaeoproductivity,
and 3) in sources of biogenic and terrigenous ma te rial sup -
plied to the ba sin floor. All these changes are cor re lated
with the crit i cal d13C iso tope ex cur sion and biostratigraphic 
data re corded from this sec tion dur ing ear lier stud ies (B¹k
K., 2007b).

RE GIONAL SET TING

The Skole Nappe, ex posed along the north ern mar gin
of the Outer Car pa thi ans within the Pol ish and Ukrain ian
ter ri to ries (Fig. 1B, C), com prises up to 3.8 km thick se ries
of Bar re mian–Lower Mio cene flysch sedi ments (Po prawa
& Nemèok, 1998) de pos ited in an in de pend ent sedi men tary
area of the Outer Car pa thi ans (cf. Ksi¹¿kiewicz, 1962; Osz-
czypko, 2004), the Skole Ba sin (Fig. 1A). The mid-Cretace- 
ous sedi ments of the Skole Nappe are rep re sented by silty
and clayey tur bid ites (the Be³win Mud stones and Spas
Shales), with sandy tur bid ite in ter ca la tions (the KuŸmina
Sandstones), which pass into the green ra dio lar ian and
black shales in clud ing si li ci fied marls (the Bar na siówka Ra -
dio lar ian Shale For ma tion; Fig. 2). The lat ter sedi ments,
which are the sub ject of the pres ent study, come from the
Ce no ma nian–Tu ro nian tran si tion in ter val (B¹k K. et al.,
2001). They are fol lowed by the Varie gated Shales and the
sub se quent suc ces sion of cal ci tur bid ites and sili ci clas tic
tur bid ites (the Ropi anka For ma tion; Kot larc zyk, 1978).

Lithostratigraphy and geo log i cal sec tion

The Ce no ma nian–Tu ro nian sedi ments were ear lier
mapped in vari ous zones of the Skole Nappe. These sedi -
ments oc cur in its north ern mar ginal part (Za wada near
Tarnów – Kosz ar ski & Mor giel, 1963; NiedŸwi ada near
Dêbica – Gucwa, 1966; Szcze panowice near Wo jnicz – Œl¹- 
czka & Ka min ski, 1998) and in the in ner part, in both, the
Pol ish (Ry bo tycze and Sp³awa lo cali ties; Kot larc zyk, 1978;
Gu cik, 1987; Gu cik et al., 1991) and Ukrai nian Car pa thi ans 

(Skole skiba and Paraszka skiba in the Stryj and Dniestr val -
leys – Su jkowski, 1932; Zhu rakovsky, 1968).

The above men tioned Ce no ma nian–Tu ro nian sedi -
ments of the Skole Nappe have been dis tin guished as in for -
mal units, un der a va ri ety of names, and in a var ied lithos -
tra tigraphic sense. The de scrip tions and cor re la tions of the
ear lier de scribed sec tions have been sum ma rized by B¹k K.
et al. (2001). Fol low ing this dis cus sion, the stud ied sedi -
ments are in cluded in the Bar na siówka Ra dio lar ian Shale
For ma tion (BRSF; Fig. 2), a unit which in cludes the Up per
Ce no ma nian–Lower Tu ro nian sedi ments, also of the Sile -
sian and Sub sile sian nap pes. These sedi ments rep re sent the
mid dle and up per parts of the for ma tion, be ing un der lain by
varie gated non- calcareous shales. Lo cally, the si li ci fied
marl se ries oc curs within the mid dle part of this for ma tion
(Fig. 2). These marls were ear lier re corded from vari ous lo -
cali ties of the Skole Nappe (Kot larc zyk, 1978; Gu cik, 1987; 
Gu cik et al., 1991).

The stud ied sec tion, named here as the Sp³awa sec tion,
is lo cated in the in ner part of the Skole Nappe (in Po land),
within the Grunowa – Sp³awa An ti cline, on both banks of
the Krzeczkowa creek, north of the Sp³awa Hill, about
25 km SW of  Przemyœl (Fig. 1C, D). In this area, the BRSF
is rep re sented by (Fig. 3): 1) green non- calcareous shales (a
dozen metres thick; not stud ied here), 2) thin-bed ded
siliceous marls with in ter ca la tions of green, grey and black
shales (at least 20 m thick), 3) or ganic-rich se ries with ben -
to nites and a fer ro man ga nese layer at the top (1.7 m thick),
4) and varie gated siliceous- manganiferous shales with the
sec ond ferromanganese layer and a thin organic- rich shale
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Fig. 2. Lithostratigraphy of the Albian–Paleocene de pos its in
the Skole Nappe, Pol ish Outer Carpathians (af ter Koszarski &
Œl¹czka, 1973; sup ple mented)
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Fig. 3. Lithological log of the Sp³awa sec tion (Skole Nappe, Outer Carpathians) plot ted against main microfossil and chemostra-
tigraphic events (microfossils af ter B¹k K. et al., 2005, B¹k K., 2007b); Si sh. – si li ceous-manganiferous shales; Mn – ferro manga nese
layer



(0.7 m thick). The sub se quent suc ces sion of Varie gated
Shales, overly ing the BRSF, oc curs in two pack ages (4.0 m
and 1.2 m thick); the sec ond one cre ates a thin tec tonic slice
(Fig. 3).

UP PER CENOMANIAN–LOWER
TURONIAN STRA TIG RA PHY

The base of the Turonian was as signed to the low est oc -
cur rence (FO) of the ammonite Watinoceras devonense
Wright & Ken nedy, which is close to the end of the OAE-2
(for sum mary – see Bengston, 1996; Gradstein et al., 2004). 
Be low the bound ary lies the high est oc cur rence of the plan-
ktonic foraminifer Rotalipora. Above the bound ary are the
low est oc cur rences of the plank tonic foraminifer Helveto-
globotruncana helvetica, and the cal car e ous nannoplankton 
Quadrum gartneri (Gradstein et al., 2004). Among the si li -
ceous micro fauna, the radiolarian spe cies Alievum super-
bum and Crucella cachiensis are re garded as taxa that ap -
peared close to the C–T bound ary (B¹k M., 2000, 2004).
Un for tu nately, the da tum events of cal car e ous microfossils
can be diachronous due to eco log i cal ef fects (Paul et al.,
1999; Luciani & Cobianchi, 1999; Leckie et al., 2002; Erba, 
2004; Kuhnt et al., 2005; Caron et al., 2006), and the only
tool for stra tig ra phy of the deep-wa ter sec tions across the
CTB is a cor re la tion with a global pos i tive ex cur sion in the
car bon-13 iso tope. In the stratotype sec tion at Pueblo, the
FO of W. devonense lies close to the max i mum peak of d13C 
that ter mi nates the d13C pla teau (Pratt & Threlked, 1984;
Keller et al., 2004; Tsikos et al., 2004; Sageman et al.,
2006; Caron et al., 2006).

Foraminiferal and radiolarian da tum events pre sented
by K. B¹k (2007b) from the Sp³awa sec tion show that the
calciturbidite se ries (per haps ex cept for the base of the sec -
tion) and the or ganic-rich fa cies rep re sent the time pe riod
af ter ex tinc tion of Rotalipora morphotypes (lower part of
foraminiferal Whiteinella archaeocretacea Zone; Fig. 3). In 
turn, the chemostratigraphic data show that the de po si tion
of or ganic-rich fa cies be gan close to the be gin ning of the 
d13C rise (Fig. 3). Fol low ing the cor re la tion of geo chem i cal
da tum lines with the CTB sec tion in the Silesian Nappe, and 
its cal i bra tion with the stratotype sec tion at Pueblo (Col o -
rado), this first ini tial rise in d13C val ues took place ca. 430
kyr be fore the C–T bound ary, based on the or bital time
scale of Sageman et al. (2006; for de tails – see B¹k K.,
2007a). The end of or ganic-rich sed i men ta tion cor re sponds
to a pla teau in ter val (?its ter mi na tion), af ter the sec ond max -
i mum in d13C val ues within the ex cur sion in ter val (Fig. 3).
Prob a bly, it took place close to the CTB, i.e. ca 30–50 kyr
be fore the bound ary (B¹k K., 2007b). The pre cip i ta tion of
the first Fe-Mn layer and the over ly ing si li ceous-mangani-
ferous shales ter mi nated close to the CTB, as sug gested by a 
low d13C value of the next or ganic-rich shale, pres ent di -
rectly be low the sec ond Fe-Mn layer. This da tum marks the
re cov ery in ter val of the d13C val ues, which be gan ca. 300
kyr af ter the CTB, tak ing into ac count the com par i son with
the or bital time scale of Sageman et al. (2006). It sug gests

that pre cip i ta tion of the Fe-Mn layer and the 60-cm-thick si -
li ceous-manganiferous shales lasted at least 330–350 kyr.
The pre cise age de ter mi na tion of the youn ger sed i ments, i.e.
the sec ond level of the Fe-Mn sed i ments and the over ly ing
var ie gated shales, is im pos si ble. This part of the sec tion rep -
re sents the ?Lower Turonian, based on the oc cur rence of the 
ben thic foraminifer Uvigerinammina jankoi and cal car e ous
nannoplankton spe cies Quadrum gartneri (GaŸdzicka in:
B¹k K. et al., 2005). Both taxa oc cur in the top most pack age 
of the var ie gated shales.

MA TE RIAL AND METH ODS

The Sp³awa sec tion is rep re sented by 79 sam ples col -
lected from a nearly 15 m thick suc ces sion. Mi cro fos sils
(fo ra mini fers and ra dio lari ans) have been ex tracted from 47
sam ples, of 200–300 g, which were dried and dis so ci ated by 
re peated heat ing and dry ing in a so dium car bon ate so lu tion
(ten sam ples were bar ren of mi cro fos sils). Ad di tion ally, mi -
cro fos sil com po nents were de ter mined in 46 thin sec tions of 
re sis tant si li ceous shales and marls.

The main com po nents from 45 sam ples of sed i ments
were de ter mined by in duc tively cou pled plasma–op ti cal
emis sion spec trom e try (ICP–OES); trace el e ments, in clud -
ing rare earth el e ments (REE), were de ter mined by in duc -
tively cou pled plasma mass spec trom e try us ing a Thermo
In stru ments PQII ICP-MS at the Ac ti va tion Lab o ra to ries
Ltd in Lancaster, Can ada. Elec tron microprobe point anal y -
ses of se lected min eral con stit u ents of the hemipelagic
shales were car ried out us ing a Hitachi S-4700 SEM with a
link Noran Van tage EDS (elec tron beam fo cused on 1 µm
with 20-25 kV ac cel er at ing volt age; counts ac quired for 150 
sec onds; the data were cor rected us ing the ZAF/PB pro-
gramme) at the In sti tute of Geo log i cal Sci ences, Jagiello-
nian Uni ver sity, Kraków.

RE SULTS

Microfacies and microfossils

The stud ied part of the BRSF, 9.7 m thick, con sists of a
suc ces sion of 1) si li ceous marls (cal ci tur bid ites) with in ter -
ca la tions of hemipe la gic non- calcareous green, grey and
black shales, 2) black, green, grey and blue clayey shales
(organic- rich fa cies), 3) first fer ro man ga nese layer, and 4)
green, siliceous- manganiferous shales with thin red shale
in ter ca la tions, and the sec ond level of the Fe- Mn layer at the 
top (Fig. 3). This for ma tion is over lain by Varie gated Shales 
(non- calcareous, clayey at the top), with rare and thin in ter -
ca la tions of black shales. This unit oc curs in two pack ages,
which are in tec tonic con tact.

Cal ci tur bid ite se ries
Light- green, si li ceous, thin- to medium- bedded marls

and marly shales with in ter ca la tions of green, non-calca-
reous shales, and a few black, organic- rich shales rep re sents 
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Fig. 4. Microfacies of the Up per Cenomanian calciturbidite se ries. A – Par al lel-lam i nated packstone pass ing to foraminiferal
wackstone (sam ple Krz-75b); B – Chondrites ichsp. traces in foraminiferal grainstone (Krz-77c); C, D – Foraminiferal-rich packstones
that form laminae in hard marl layer (Krz-82b); E – Plank tonic foraminiferal grainstone, dom i nated by spec i mens of Hedbergella and
Globigerinelloides with ad mix ture of quartz (q) and glauconite (gl) grains (Krz-89c); F – Sponge spicules in foraminiferal grainstone
(Krz-79b); G – Radiolarian grainstone; note the cal car e ous ma trix of the sed i ment (Krz-80c)



a lower part of the stud ied sec tion, 6.5 m thick (Fig. 3). The
marls oc cur in lay ers, from 2 to 25 cm thick (4–6 cm on
average). Mi cro fa cies of the marls show that their bed ding
is re lated to dia ge netic changes rather than to synsedi men -
tary struc tures. The marls con tain very thin lay ers (2–20
mm thick) of cal ci tur bid ites (Fig. 4A–C). Most of them are
parallel- laminated silty lay ers (grain stones), built of quartz,
cal cite, glau co nite and nu mer ous frag mented fo rami nif eral
tests, and sponge spic ules (Fig. 4D). They pass into cal care -
ous clays (wack stones) with frag mented fo rami nif eral tests,
mainly plank tonic (Fig. 4E). The pro por tion of ter ri ge nous
to bio genic par ti cles changes in tur bid ite lay ers along the
sec tion, al though most (ca. 90%) of the very- fine grained
sandy and silty lami nae are domi nated by bio genic par ti cles, 
mainly plank tonic fo ra mini fers. The plank tonic fo ra mini -
fers are rep re sented by small- sized forms of Hed ber gella,
Glo bi ger inel loi des, Het ero he lix and ?Whitei nella (Fig.
5A–D); only a few poorly- preserved “keeled” speci mens of
?Prae glo botrun cana, ?Ro tali pora (Fig. 5E) have been rec -
og nized at the base of the sec tion. Some lay ers of cal ci tur -
bid ites are fine- grained pack stones, which con sist of cal -
care ous grains with nu mer ous ben thic and plank tonic fo ra -
mini fers, and partly ra dio lari ans and sponge spic ules (Fig.
4F). Well- preserved ben thic fo ra mini fers be long to the
calcareous forms, domi nated by speci mens of gave line lids
(Fig. 5F–J), Gy roidi noi des (Fig. 5K, L), Lenticulina
(Fig.5M, N, R), ?No dosaria (Fig. 5O), and Den ta lina
(Fig. 5P).

Higher up in the sec tion, foraminiferal- spiculitic grain -
stones pass ing to wack stones are richer in ra dio lari ans (Fig.
4G). These oc cur in sepa rate lami nae or are mixed with
sponge spic ules (Fig. 5S). Ra dio lari ans oc cur as moulds,
where mi cro crys tal line quartz has re placed the opa line sil -
ica from skele tons, and CT- opal has in filled the skele tons.
The ra dio lari ans are poorly di ver si fied, domi nated by
spheri cal speci mens of the ge nus ?Holoc ryp to canium (Figs
4G, 5S). The sponge spic ules be long to the hex acti nel lids
(Fig. 6B–D) and demo sponges (Fig. 6A, E–M). They oc cur
mainly in the grain stone and pack stone lay ers, but they are
also found in the cal care ous shales. The spic ules oc cur ring
to gether with cal care ous ben thic fo ra mini fers in the pack -
stone and grain stone lay ers are cal ci fied, while those from
the shales have not been dia ge neti cally al tered. Many of the
cal ci tur bid ites in clude small traces of Chon drites ichnsp.
(Fig. 4B) and Tha lassi noi des ichnsp.

All cal ci tur bid ite lay ers, ex cept for the fine- grained
sandy pack stones, are strongly im preg nated with re crys tal -
lized sil ica. Fo ra mi nif eral tests are filled with mi cro crys tal -
line quartz. The fo ra mini fers from the marl beds in the high -
est part of this suc ces sion are ad di tion ally im preg nated with
fer ro man ga nese oxy hy drox ides, which have re placed the
cal cite from the test walls.

The green marly shales pass ing to hemipe la gic non-
 calcareous shales oc cur as very thin in ter ca la tions among
the cal ci tur bid ites. Some of them are en riched in or ganic
mat ter. The green non- calcareous shales in clude small
(< 0.05 mm), an gu lar grains of de tri tal quartz and mi cas.
Deep- water ag glu ti nated fo ra mini fers (DWAF), in clud ing

si li ceous and organic- walled forms, domi nate the mi cro -
fauna of these hemipe la gic shales. They are rep re sented
mainly by Plec to re cur voi des sp. (Fig. 7T), Re cur voi des sp.
(Fig. 7U), Thal man nam mina spp. (Fig. 7S, V), Glo mo spira
cha roi des (Fig. 7G), Am modis cus cre ta ceus (Fig. 7F), Bul -
bo ba cu lites prob lema ti cus (Fig. 7L), Gero cham mina spp.
(Fig. 7W, Z), and Tro cham mina sp. (Fig. 7N, O). Ad di tion -
ally, there have been found rare speci mens of tu bu lar forms
(Fig. 7A, B), as so ci ated with Pseu dono dosi nella par vula
(Fig. 7K), Hip po cre pina de pressa (Fig 7C), Psammo-
sphaera sp. (Fig. 7D), Cau dam mina ovula (7E), and Hap lo -
phrag moi des spp. (Fig. 7P, R).

Organic- rich fa cies
The cal ci tur bid ite sedi ments pass gradu ally to hemipe -

la gic organic- rich fa cies (6.5–7.2 m from base of the sec -
tion). This fa cies (7.2–8.9 m from base of the sec tion) con -
sists of green, radiolarian- rich and organic- rich lay ers, a few 
cm thick, with a rela tively high TOC con tent, from 3.2% to
nearly 8% in the stud ied sam ples (B¹k K., 2007b).

Poorly- preserved ra dio lari ans (py ri tized or as quartz
moulds) domi nate the mi cro fos sils of this se ries. Of the fo -
ra mini fers, only poorly- preserved, small- sized DWAF have 
been de ter mined there (Fig. 3), in clud ing mainly Re cur voi -
des sp., and sin gle speci mens of Am modis cus cre ta ceus,
Glomospira gor dialis (Fig. 7H), Glo mo spirella gaultina
(Fig. 7I); Hap lo phrag moi des sp., Gero cham mina sp., ?Sac -
cam mina sp., Tro cham mina sp. (Fig. 7M), and py ri tized
tube- shaped forms. The abun dance of ben thic fo ra mini fers
does not ex ceed 10 speci mens per 100 g of sedi ment.

Some green shale lay ers in clude a small number of re -
de pos ited sponge spic ules. This se ries also con tains of three
0.5–12 cm ben to nites. An gu lar grains of quartz, feld spar,
glau co nite and mi cas, and sin gle well- rounded grains of
quartz are sub or di nate com po nents in these sedi ments; all
grains are less than 0.1 mm in di ame ter.

First fer ro man ga nese layer
The fer ro man ga nese layer, 1.5–3 cm thick, oc curs 8–10 

cm above the top of the organic- rich fa cies (Fig. 3), ly ing di -
rectly on the green shale, that is un der lined by a thin ben to -
nite. The Fe- Mn layer is made of con cen tri cally zoned mi -
cro spher ules and pseu do morphs af ter rhom bo he dric crys -
tals of car bon ates, oc cur ring within a ma trix of col lo mor -
phic sil ica, mi cro crys tal line quartz, clay min er als, and ter ri -
ge nous mus co vite (B¹k K. 2007b). The mi cro spher ules and
pseu do morphs are made of col lo mor phic and mi cro crys tal -
line bar ium man ga nese ox ides, and fer ro man ga nese oxy-
 hydroxides. The in ter nal struc ture and com po si tion of the
Fe- Mn layer is simi lar to the Fe- Mn ho ri zon in the Sub sile -
sian and Sile sian nap pes, ly ing in the same stra tigraphic po -
si tion (B¹k K., 2006, 2007a, b).

Siliceous- manganiferous shales with the sec ond Fe- Mn
layer

The siliceous- manganiferous shales, 70 cm thick, con -
sist of green, radiolarian- rich non- calcareous shales with in -
ter ca la tions of red shales. They con tain Fe- Mn ox ide-hy dro- 
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xides, fill ing up cracks, and oc cur ring as encrustations (Fig.
8K–M). The first red shale lami nae (en riched in ra dio lari -
ans), 1–2 mm thick, ap pear 5 cm above the Fe- Mn layer. A
green shale layer which di vides these red lami nae con tains
nu mer ous small- sized, conical- shaped ag glu ti nated fo ra -
mini fers be long ing to Gau dry ina sp. or Uvi geri nam mina
sp., and also to ?Am modis cus sp. The over ly ing sedi ments
are com pletely de void of  foraminifers. DWAF as sem blages 

do not oc cur ear lier up- section than the sec ond pack age of
non- calcareous varie gated shales (Fig. 3).

Ra dio lari ans, as the only bi otic com po nent oc cur ring in
the re main ing part of the siliceous- manganiferous shales
(Fig. 8C–J), cre ate 1–3 mm thick lami nae which are hemi-
pe lagic de pos its (Fig. 8A); some of these lami nae could be
re worked sedi ment, as is shown by densely- packed skele -
tons of simi lar di men sions (Fig. 8B, K).

46  K. B¥K

Fig. 5. Plank tonic and ben thic foraminifers (A–P) from the Up per Cenomanian calciturbidite se ries: A – Heterohelix sp. (sam ple
Krz-75b); B – Hedbergella sp. (Krz-80c); C, D – Globigerinelloides sp. (Krz-80c); E – ?Praeglobotruncana (?Rotalipora) sp. (Krz-75b);
F–J – gavelinelids (F–H – Krz-80c; I, J – Krz-75b); K, L – Gyroidinoides sp. (K – Krz-75b; L – Krz-80c); M, N – Lenticulina sp.
(Krz-80c); O – ?Nodosaria sp. (Krz-75b); P – Dentalina sp. (Krz-75b); R – Lenticulina sp. within detritic cal car e ous grains (Krz-80c); S – 
Radio lar ians and sponge spicules in cal car e ous ma trix (Krz-80c). Length of scale bar – 100 µm



The sec ond level of the Fe-Mn layer with mac ro nod -
ules, un der lain di rectly by a thin layer of green and black,
organic- rich shale, oc curs in the up per most part of this suc -
ces sion (Fig. 3). Both lay ers lie in the same stra tigraphic po -
si tion as simi lar sedi ments in the CTB sec tions from the
Sile sian and Sub sile sian nap pes (Outer Car pa thi ans). The
chemi cal and min era logi cal com po si tions, and the in ter nal
struc tures of the Fe- Mn layer is simi lar to the cor re spond ing 
sedi ment from the Sile sian Nappe (B¹k K., 2006, 2007a, b).

Varie gated non- calcareous shales
The Varie gated Shales are domi nated by green non-

 calcareous shales with in ter ca la tions of red shale lay ers,
0.5–2 cm thick, and very thin lami nae (< 0.5 mm) of silt-
 sized quartz, mi cas and sponge spic ules. These sedi ments
are tec toni cally sheared, oc cur ring in two pack ages, 4.0 m
and 1.2 m thick, re spec tively (Fig. 3). The lower pack age in -
cludes two thin lay ers of black, organic- rich shale with high
TOC val ues (up to nearly 18%; B¹k K., 2007b), sepa rated
by a layer of grey clayey shale (?ben to nite). Some green and 
red shale lay ers are en riched in Fe- Mn oxy- hydroxides,
pres ent as en crusta tions or filling- cracks (Fig. 9).

Mi cro fos sils (ra dio lari ans and fo ra mini fers) are more
com mon in this se ries than in the un der ly ing sedi ments. The 
ra dio lar ian as sem blages here are more di ver si fied. They in -
clude stra tigraphi cally im por tant spe cies such as Pa tel lula
an dru sovi (B¹k M. et al., 2005), which ap pears in Car pa -
thian se quences above the organic- rich sedi ments (B¹k M.,
2004). The first pack age of varie gated shales, di rectly over -
ly ing the BRSF (9.7–13.7 from the base of the sec tion), is
de void of any fo ra mini fers and trace fos sils. Poorly- to
moderately- diversified DWAF as sem blages oc cur in the
sec ond pack age of varie gated shales, which is in tec tonic
con tact with the un der ly ing sedi ments. These as sem blages
con sist of forms typi cal of sedi ments un der ly ing the
organic- rich se ries, like Re cur voi des sp. (Fig. 10A, B),
?Thalmannammina sp. (Fig. 10C), Tro cham mina sp. (Fig.
10D, E), Glo mo spira glom er ata (Fig. 10G), and ad di tion -
ally they in clude nu mer ous in fau nal forms be long ing to
Gerochammina spp. (Fig. 10F), Bul bo ba cu lites prob lema ti -
cus, Am mo ba cu lites sp. (Fig. 10H), Uvi geri nam mina prae -
jan koi Neagu (Fig. 10I), and U. jan koi Majzon (Fig. 10J).
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Fig. 6. Re de pos ited sponge spicules from shale parts of the Up per Cenomanian calciturbidites: A – Oxea (demosponge spicule; sam ple
Krz-77); B – Partly bro ken mas sive der mal pentactine (hexactinellid spicule; Krz-76); C – Mas sive hexactine (hexactinellid spicule;
Krz-76); D – Part of choanosomal skel e ton (hexactinellid skel e ton; Krz-82); E – Calthrop (demosponge spicule; Krz-78); F–H –
Criccalthrop (demosponge spicule; F – Krz-81; G – Krz-75; H – Krz-76); I – Der mal phyllotriaene (demosponge spicule; Krz-76); J, K –
Selenaster (demosponge spicule; J – Krz-77; K – Krz-75); L – ?Dicranoclone (demosponge desma; Krz-77); M – Demosponge spicule
(Krz-66). Length of scale bar – 100 µm
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Fig. 7. SEM mi cro graphs of the most com mon deep-wa ter ag glu ti nated foraminifers from the Up per Cenomanian hemipelagic shales:
A – Rhabdammina sp. (sam ple Krz-89); B – Hyperammina sp. (Krz-89); C – Hippocrepina depressa Vašièek (Krz-87); D –
Psammosphaera sp. (Krz-90); E – Caudammina ovula (Grzybowski) (Krz-87); F – Ammodiscus cretaceus (Reuss) (Krz-78); G –
Glomospira charoides (Jones & Parker) (Krz-82); H – Glomospira gordialis (Jones & Parker) (Krz-94); I – Glomospirella gaultina
(Berthelin) (Krz-94); J – Glomospira irregularis (Grzybowski) (Krz-76); K – Pseudonodosinella parvula (Huss) (Krz-89); L –
Bulbobaculites problematicus (Neagu) (Krz-89); M – Trochammina sp. A (Krz-94); N – Trochammina sp. B (Krz-78); O – Trochammina
sp. C (Krz-76); P – Haplophragmoides sp. A (Krz-78); R – Haplophragmoides cf. walteri (Grzybowski) (Krz-89); S – Thalmannamina
meandertornata Neagu & Tocorjescu (Krz-87); T – Plectorecurvoides alternans Noth (Krz-76); U – Recurvoides imperfectus
(Hanzlíková) (Krz-87); V – Thalmannammina subturbinata (Grzybowski) (Krz-76); W – Gerochammina stanislawi Neagu (Krz-82); Z –
Gerochammina lenis (Grzybowski) (Krz-82). Length of scale bar – 100 µm
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Fig. 8. A, B – Radiolarian-rich laminae within the low er most Turonian green, si li ceous-manganiferous shales (Krz-106d). C–J – Most
fre quent morphotypes of radio lar ians (Krz-106d). K–M – Two radiolarian-rich laminae, con sist ing of skel e tons en tirely (L) and partly
(M) filled with Fe-Mn ox ide-hy drox ides (Krz-106b); both laminae are sep a rated by a thin Fe-Mn crust (M – radiolarian moulds from the
up per laminae). Length of scale bar for C–J – 100 µm



Bulk sed i ment geo chem is try

Geo chem i cal in di ca tors from the Sp³awa sec tion were
used to in ter pret changes around the Cenomanian–Turonian 
bound ary in de tri tal flux vari a tions, ox y gen con tent in bot -
tom wa ters, and pri mary pro duc tiv ity. Thir teen sam ples
from the marly shales, fif teen from the or ganic-rich se ries,

one from the first Fe-Mn layer, and six teen from the non-
cal car e ous var ie gated shales were an a lyzed.

In di ca tors of de tri tal flux vari a tions
Plots of Al2O3 vs. TiO2 and Al2O3 vs. SiO2 to gether

with the Rb/Al, Ti/Al and Al/(Al+Fe+Mn) ra tios have been
made to de ter mine de tri tal in put to the seafloor.
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Fig. 9. A–D – Ferro manga nese encrustations in Early Turonian var ie gated shales with con tents of main el e ments (EDS anal y ses); R –
radiolarian mould; 1–4: microprobe point anal y ses

Fig. 10. Most fre quent Early Turonian deep-wa ter ag glu ti nated foraminifers from var ie gated non-cal car e ous shales: A, B – Recurvoides
sp.; C – ?Thalmannammina sp.; D, E – Trochammina sp. (A–E – thin sec tion of sam ple Krz-61); F – Gerochammina lenis (Grzybowski)
(Krz-60); G – Glomospira glomerata (Grzybowski) (Krz-61); H –Ammobaculites sp. (Krz-61); I – Uvigerinammina praejankoi Neagu
(Krz-60); J – Uvigerinammina jankoi Majzon (Krz-60). Length of scale bar – 100 µm



Al2O3 and TiO2 cor re late well in most sam ples (Fig.
11A), which sug gests their terrigenous or i gin. How ever,
two dif fer ent cor re la tion lines are ev i dent for the sam ples
from the marl and or ganic-rich se ries, and for the Fe-Mn
layer and over ly ing sed i ments. The lat ter sed i ments dis play
the low est con tents of both Al2O3 and TiO2.

Two dis tinct cor re la tion lines can be also ob served in a
scatterplot of Al2O3 and SiO2 (Fig. 11B). The first one can
be re lated to the terrigenous or i gin of com po nents in the
Up per Cenomanian sed i ments be low the first ho ri zon of the
Fe-Mn layer. The sec ond one, ex pressed by a neg a tive
trend, char ac ter izes the sed i ments above the Fe-Mn layer.
This cor re la tion may be ex plained by the biogenic or i gin of
SiO2 di luted by terrigenous par ti cles. Biogenic sil ica orig i -
nated from radio lar ians as is shown by studies of the
microfacies.

An other in di ca tor of de tri tal in put to the ba sin floor is
the Al/(Al+Fe+Mn) ra tio (Machhlour et al., 1994). Its value 
de creases up sec tion (Fig. 12), from a mean value of 0.63 in
the marly shales, through 0.59 in the or ganic-rich se ries, to
0.52 in the var ie gated shales, sug gest ing a de crease in
terrigenous sup ply to the sed i ment. It reaches the ab so lute
min i mum (0.11) in the first ho ri zon of the Fe-Mn layer. In
the or ganic-rich se ries, green shales dis play higher val ues of 
this ra tio than those in the in ter ca lated black shales, in di cat -

ing a pe ri od i cally en hanced rate of terrigenous supply
during deposition time.

A de creas ing trend is ev i dent in the Ti/Al pro file, re -
garded as a proxy for ae olian in put (e.g., Wehausen &
Brumsack, 1998). This trend, ex pressed by mean val ues, is
pres ent from the base of the sec tion through the or ganic-rich 
suc ces sion (Fig. 12), but higher up the Ti/Al val ues rise
again in the pack age of si li ceous-manganiferous shales,
which over lie the Fe-Mn layer, and de crease in the over ly -
ing var ie gated shales. The high est val ues of Ti/Al in the si li -
ceous-manganiferous shales are not linked with the in crease 
of Ti, as the val ues are even lower than in the neigh bour ing
sed i ments, but they are re lated to significantly lower values
of Al.

There are no dis tinct changes in the mean val ues of the
Rb/Al ra tio (Fig. 12), which is in ter preted as an in di ca tor of
flu vial, fine de tri tus in put (e.g., Wehausen & Brumsack,
1998), ex cept for the green shales di rectly over ly ing the
Fe-Mn layer. The max i mum in the lat ter sed i ment is of the
same or i gin as that men tioned above in the Ti/Al ratio.

The Rb/Al and Ti/Al ra tios in the green shales from the
or ganic-rich fa cies dis play higher val ues than in the in ter ca -
lated black shales, that is sug ges tive of times of strength -
ened terrigenous sup ply to the ba sin floor, sim i larly as for
the Al/(Al+Fe+Mn) ra tio dis cussed above.
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Fig. 11. Vari a tion di a grams based on whole-rock data (A–C). In the SiO2 vs. Al2O3 (B), the sam ples plot along two cor re la tion lines. In
the Al/(Al+Fe+Mn) vs. Mn/Ti plot (C), sam ples with Mn con tent ex ceed ing 0.1% were plot ted



In di ca tors of re dox con di tions
Re dox con di tions are eval u ated from the U/Th,

V/(V+Ni), and As/Al ra tios. Their pos i tive ex cur sions are
in dic a tive of de creas ing amounts of ox y gen in bot tom wa -
ters (e.g., Jones & Man ning, 1994; McManus et al., 1998;
Hatch & Leventhal, 1992; Minami & Kato, 1997).

The U/Th ra tio shows an el e vated pro file within the or -
ganic-rich fa cies (Fig. 13) and small fluc tu a tions within the

un der ly ing shales of the calciturbidite suc ces sion, with
max ima in the black shales. This sug gests rel a tively lower
ox y gen lev els dur ing the de po si tion of the black shales,
both within the mid dle and lower segments of the section.

Most val ues of the V/(V+Ni) ra tio in the or ganic-rich
fa cies and un der ly ing hemipelagic shales within the marl
se ries fall be tween 0.54 and 0.80 (Fig. 13), the range that
was pro posed as in dic a tive of anoxic con di tions (Hatch &
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Fig. 12. Dis tri bu tion of val ues of Al/(Al+Fe+Mn), Ti/Al and Rb/Al in the Sp³awa sec tion. For ex pla na tions of strati graphi cal log – see
Fig. 3. Dashed lines cor re spond to the or ganic-rich Bonarelli-equiv a lent se ries



Leventhal, 1992). Some val ues ex ceed 0.80, sug gest ing
even euxinic con di tions. In con trast, most of the green and
var ie gated shales over ly ing the first Fe-Mn layer show val -
ues close to 0.54 or lower, sug ges tive of dysoxic to oxic
conditions at the seafloor.

Pro files of As/Al cor re late well with those of U/Th and
V/(V+Ni) (Fig. 13). Ar senic con cen tra tions are el e vated in
the black shales, both in the lower and mid dle parts of the
sec tion. On the other hand, ex tremely low val ues are typ i cal
of the sed i ments over ly ing the first Fe-Mn layer. The sim i -
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Fig. 13. Dis tri bu tion of val ues of to tal or ganic car bon (TOC; af ter B¹k K., 2007b), U/Th, V/(V+Ni), (As/Al)x104, (Ba/Al)x104 and
Ba/Sc in the Sp³awa sec tion. For ex pla na tions of strati graphi cal log – see Fig. 3. Hor i zon tal dashed lines cor re spond to the or ganic-rich fa -
cies (Bonarelli-equiv a lent ho ri zon). 1* – Av er age shale (Wedepohl, 1971, 1991); 2* – CTBE black shales (Ar thur et al., 1990; Warn ing & 
Brumsack, 2000)



lar ity of the As/Al, U/Th and V/(V+Ni) plot pat terns are re -
lated to sim i lar lev els of con cen tra tion of or ganic mat ter.
Un der suboxic con di tions, ar senic might oc cur as As2S3 and 
As2S5, as so ci ated with Fe sul fides (Farmer & Lovell, 1986;
Minami & Kato, 1997). An en hanced con tent of As in the
Fe-Mn layer is re lated to its diagenetic re cy cling. The As
en rich ment is prob a bly as so ci ated with Fe in the form of ar -
se nate ab sorbed on Fe ox ides and hy drox ides or as pre cip i -
tated FeAsO4 (e.g., Fer gu son & Gavis, 1972). A high con -
tent of As/Al in the marly shale layer (Krz-81) in the lower
part of the sec tion is an ef fect of extremely low content of
Al rather than the high content of As.

In di ca tors of pro duc tiv ity
Changes in the Ba/Al and Ba/Sc ra tios are here used to

in ter pret palaeoproductivity vari a tions. Nev er the less, it
should be stressed that solid-phase bar ium re cords could be
un re li able as quan ti ta tive in di ca tors for the his tory of ocean
pro duc tiv ity in en vi ron ments that have un der gone suboxic
diagenesis (Dehairs et al., 1980; Dymond et al., 1992;
Schroeder et al., 1997; Wehausen & Brumsack, 1998).
Con se quently, this anal y sis should be made only in con -
junc tion with an anal y sis of re dox con di tions at the sea floor 
(McManus et al., 1998).

A study of the Ba con tent shows that its fluxes are dom -
i nated by biogenic sources, but other sources, such as de tri -
tal aluminosilicates and hy dro ther mal pre cip i tates may also
con trib ute to the Ba pre served in deep-sea sed i ments (e.g.,
Dymond et al., 1992). Ad di tional prob lems in ap ply ing Ba
as a palaeoproductivity proxy are due to pro cesses con trol -
ling Ba pres er va tion (Van Os et al., 1991; McManus et al.,
1998). Its con tent might be re duced in low-ox y gen con di -
tions in bot tom wa ters; a high rate of sul phate re duc tion also 
in flu ences the pres er va tion of Ba (Schenau et al., 2001).

Al though it is im pos si ble to ac cu rately es ti mate here the 
con tri bu tion of alu mi no sili cate par ti cles to the Ba con tent, a
nor ma tive anal y sis of the bulk sed i ment chem i cal com po si -
tions (Ba/Al ra tio) may roughly de lin eate their sig nif i cance.
An ad di tional in di ca tor of palaeoproductivity could be the
Ba/Sc ra tio, as shown by Dick ens and Owen (1996) on the
ba sis of an as sump tion that Sc is pre dom i nantly hosted in
aluminosilicates and Ba comes from abundant barite
particles.

The neg a tive cor re la tion be tween the re dox chem i cal
in di ca tors and the Ba/Al ra tios for the or ganic-rich fa cies
and black sed i ments in the un der ly ing marl se ries pre cludes
in ter pre ta tion of pro duc tiv ity val ues for these sed i ments.
Con se quently, the only com par i son could be made for the
green marly shales of the calciturbidite se ries and the
non-cal car e ous var ie gated shales above the first Fe-Mn
layer. The data plot in Fig. 13 show a dis tinct in crease in
Ba/Al and Ba/Sc ra tios in the var ie gated shales. Sur pris -
ingly, high Ba/Al and Ba/Sc ra tios, as so ci ated with bar ium
man ga nese ox ides, oc cur in the first Fe-Mn layer above the
or ganic-rich sed i ments. High val ues of Ba/Al and Ba/Sc ra -
tios char ac ter ize also one of the red shale lay ers within the
var ie gated shales (sam ple Krz-107; Fig. 13). They co in cide
with low val ues of terrigenous sup ply in di ces, sug gest ing a

low clastic supply to the seafloor, indicative of enhanced
biogenic Ba flux.

Man ga nese en rich ments
Be sides the two ho ri zons of the Fe-Mn layer, en rich -

ments in Mn ox ide-hy drox ides were also found in the un -
der ly ing cal car e ous shale in the calciturbidite suc ces sion
(up to 0.55%), and in the over ly ing non-cal car e ous var ie -
gated shales (up to 1.5%; Fig. 12). The Fe-Mn ox ide-hy -
drox ide en rich ments oc cur mainly as diagenetic in fill ings of 
cracks and mi cro-encrustations.

To ex press the pro por tion of terrigenous ver sus hy dro -
ther mal con tri bu tions to these Fe-Mn sed i ments, the Mn/Ti
vs. Al/(Al+Fe+Mn) di a gram has been used (Rantisch et al.,
2003). The ra tio of Al/(Al+Fe+Mn) is an in di ca tor for clas-
tic con tri bu tion to met al lif er ous sed i ments. The pre sented
data (Tab. 1) plot on the do main in di cat ing the pre dom i -
nance of a terrigenous com po nent (Fig. 11), char ac ter ized
by a chem i cal com po si tion sim i lar to av er age con ti nen tal
crust (Rantisch et al., 2003).

DIS CUS SION

Late Cenomanian calciturbidite sed i men ta tion

The source of biogenic ma te rial in the calciturbidites
was the shelf of the mar ginal part of the West Eu ro pean
Plat form. The trans port di rec tion (from north) is here pro -
posed on the ba sis of fa cies anal y ses of the un der ly ing sed i -
ments (Ksi¹¿kiewicz, 1962), be cause no flute casts were
found in the turbidite beds in the stud ied se ries. The mi cro-
fa cies sug gest low den sity grav ity flows. The dom i nance of
par al lel lam i na tion and ex tremely rare cross-lam i na tion in -
di cate their low ve loc i ties.

Neritic–up per bathyal depths are sug gested for the en -
vi ron ment from which the biogenic ma te rial was re de pos -
ited, on the ba sis of cal car e ous ben thic foraminifers from
the packstone and grainstone laminae. The ben thic as sem -
blages are dom i nated by small gavelinellids and the ge nus
Gyroidinoides, accompaning Lenticulina, Dentalina, and
Nodosaria. Such as sem blages re sem ble those from outer
dis tal ramp fa cies and their tran si tion to up per slope fa cies,
as de scribed from the Cenomanian de pos its of the Basque–
Cantabrian Ba sin, at the north ern con ti nen tal mar gin of Ibe -
ria (Gräfe, 2005). Sim i lar as sem blages of the same age, with 
nu mer ous gavelinellids are known from epicontinental seas
in the south ern part of the West Eu ro pean Plat form, both
from the car bon ate (Pol ish Low lands: Gawor-Biedowa,
1972; Heller, 1975; Peryt, 1983) and siltstone fa cies (Bo he -
mian Cre ta ceous Ba sin: Hradecka, 1993; Hradecka &
Švábenicka, 1995). They were also noted in marls from the
NW-Eu ro pean con ti nen tal shelves (e.g., Hart & Swiecicki,
1988). The neritic–up per bathyal depths could be con firmed 
by the rel a tively nu mer ous oc cur rences of glauconite
grains, which are thought to form mainly on the open shelf
and upper slope environment (e.g., McRae, 1972; Amorosi,
1997).
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Ta ble 1

Ma jor ele ment and trace ele ment chem is try for the Up per Ce no ma nian–Lower Tu ro nian sedi ments re cov ered
from the Sp³awa sec tion of the Skole Nappe, Outer Car pa thi ans

Sam ple
no

Krz-75 Krz-76 Krz-77 Krz-79 Krz-80B Krz-81 Krz-82 Krz-83-1 Krz-83A Krz-84 Krz-84B Krz-86

Ag ppm 0.3 0.6 0.5 0.5 1.8 <d.l. <d.l. <d.l. 0.6 <d.l. <d.l. 1.7

Al % 2.71 2.55 3.1 3.22 4.53 0.64 2.83 3.25 3.85 3.98 4.07 3.33

As ppm 6.7 4.8 7.9 6.5 11.4 12.6 6.9 19.5 23.4 11.2 28.4 4.6

Au ppb <d.l. 5 9 <d.l. 19 6 <d.l. 13 15 <d.l. <d.l. 10

Ba ppm 300 310 331 301 288 100 336 240 290 480 528 336

Be ppm 1 1 2 2 2 <d.l. 1 <d.l. <d.l. 2 2 1

Bi ppm <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l.

Br ppm <d.l. <d.l. <d.l. <d.l. 8.3 1.7 2.4 <d.l. 4 1.4 5 <d.l.

Ca % 9.73 9.34 5.93 8.27 2.63 19.41 11.94 9.55 9.9 5.78 1.21 9.98

Cd ppm <d.l. 0.6 1 <d.l. 0.5 0.6 0.3 1.2 1.4 0.7 0.4 0.4

Co ppm 14 12 17 16 28 8 11 13 23 13 14 13

Cr ppm 59 68 84 79 153 23 51 71 150 69 154 60

Cs ppm 5 5 4 5 6 1 4 6 4 8 9 6

Cu ppm 85 65 73 102 258 67 64 71 146 131 231 83

Fe % 2.23 2.34 2.56 2.57 2.21 1.25 2.11 2.59 2.62 2.77 3.4 3.09

Hf ppm 2 3 4 3 2 5 2 4 <d.l. 3 2 2

K % 1.53 1.57 1.76 1.76 2.07 0.29 1.17 1.69 1.49 1.91 2.16 2.41

Mg % 0.86 0.82 0.98 0.95 1.3 0.24 0.79 0.92 0.93 1.17 1.21 1.24

Mn ppm 640 1310 392 678 287 5508 1410 879 859 651 293 2021

Mo ppm <d.l. <d.l. <d.l. <d.l. 2 <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l.

Na % 0.12 0.17 0.15 0.15 0.13 0.07 0.13 0.13 0.12 0.14 0.16 0.17

Ni ppm 43 34 38 45 151 28 31 42 120 40 98 33

P % 0.044 0.07 0.057 0.061 0.064 0.044 0.035 0.037 0.066 0.042 0.068 0.057

Pb ppm 48 17 28 31 42 22 23 29 36 24 52 25

Rb ppm 90 90 60 90 80 0 48 78 93 90 102 70

S ppm 260 240 110 230 830 770 390 260 960 280 380 340

Sb ppm 0.3 0.3 0.6 0.7 1 0.9 0.5 <d.l. 1.4 0.7 2 0.3

Sc ppm 11 10 11 12 8 2.5 8.6 11.2 9.5 10.4 10.4 8.2

Se ppm <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l.

Sn ppm <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l.

Sr ppm 248 145 158 189 125 283 376 269 259 219 100 324

Ta ppm <d.l. <d.l. <d.l. <d.l. <d.l. 0.6 <d.l. <d.l. <d.l. <d.l. <d.l. <d.l.

Th ppm 9.4 9.7 11.3 9.9 9.7 3.1 7.3 9.1 8 9 10.5 7.5

Ti % 0.24 0.25 0.28 0.26 0.27 0.05 0.15 0.26 0.23 0.25 0.29 0.19

U ppm 1.4 2.1 2 2.1 3.5 0.9 2 2.4 4.1 2.2 4.7 2.7

V ppm 70 79 116 89 492 14 51 99 637 84 492 63

W ppm <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l.

Y ppm 22 24 23 25 21 25 17 17 31 17 19 19

Zn ppm 69 58 111 76 179 21 37 104 183 93 223 74

Zr ppm 72 87 104 80 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 99

La ppm 30.4 27.5 32.9 32.1 26.1 22.9 24.4 23.3 28.2 30.2 33.8 24.3

Ce ppm 63 56 68 69 54 46 48 47 72 58 75 54

Nd ppm 23 23 25 30 28 20 24 22 19 25 34 21

Sm ppm 5.8 5.7 6 6.6 4.6 3.7 3.8 3.5 5.7 4.3 5.8 3.9

Eu ppm 1.2 1.2 1.2 1.3 1.1 1 1 0.8 1.4 1.4 1.1 1.3

Tb ppm <d.l. <d.l. <d.l. <d.l. <d.l. 0.7 0.6 <d.l. <d.l. <d.l. <d.l. <d.l.

Yb ppm 2.2 2.3 2.3 2.3 1.3 2.1 1.6 1.9 2.1 1.7 1.5 1.5

Lu ppm 0.36 0.39 0.35 0.36 0.17 0.33 0.25 0.35 0.32 0.26 0.26 0.21

Ce/La 2.1 2 2.1 2.1 2.1 2 2 2 2.6 1.9 2.2 2.2
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Ta ble 1 con tin ued

Sam ple
no

Krz-87 Krz-90 Krz-91 Krz-106c Krz-106d Krz-106e Krz-107 Krz-108 Krz-109 Krz-110 Krz-67

Ag ppm 0.5 <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. 0.3 0.3

Al % 3.31 4.55 5.52 1.82 1.64 2.18 3.08 3.56 3.61 2.94 2.52

As ppm 7.1 13.8 9.2 1.2 1.7 1.4 3 2.1 4.7 2.4 1.4

Au ppb 2 10 <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. 5 <d.l. <d.l.

Ba ppm 117 304 528 400 310 429 1680 448 800 874 382

Be ppm 2 2 3 2 0 <d.l. 2 2 2 2 1

Bi ppm <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l.

Br ppm <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l.

Ca % 4.15 0.91 0.88 0.81 0.39 0.55 0.7 0.73 0.8 0.76 0.62

Cd ppm 1 0.4 0.4 0.5 <d.l. <d.l. 0.4 <d.l. 0.4 0.6 0.5

Co ppm 24 20 6 11 6 7 18 15 17 22 9

Cr ppm 79 74 94 80 30 51 65 94 82 80 64

Cs ppm 7 9 10 3 3 3 6 8 8 5 5

Cu ppm 84 325 75 132 105 83 99 50 120 184 43

Fe % 5.27 3.7 3.57 4.18 3.31 2.86 1.75 2.53 1.61 2.88 5.21

Hf ppm 3 2 3 2 <d.l. 2 2 3 2 3 2

K % 2.44 2.36 2.6 1.5 1.17 1.35 1.42 1.92 1.74 2.01 1.55

Mg % 1.03 1.39 1.54 0.8 0.53 0.71 1 1.15 1.15 1.04 0.76

Mn ppm 1213 428 419 335 346 904 7414 847 3095 3782 1062

Mo ppm <d.l. 4 <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l.

Na % 0.17 0.18 0.17 0.21 0.13 0.17 0.19 0.2 0.18 0.16 0.13

Ni ppm 53 50 46 49 37 47 64 53 44 66 55

P % 0.061 0.067 0.05 0.101 0.052 0.7 0.043 0.042 0.068 0.039 0.026

Pb ppm 19 45 27 7 13 6 16 16 33 15 7

Rb ppm 130 128 148 <d.l. 60 70 62 101 89 110 90

S ppm 80 5780 100 <d.l. 10 20 40 50 70 20 20

Sb ppm 0.4 1.6 1 0.6 0.5 0.4 0.6 0.7 0.6 0.5 0.4

Sc ppm 12 13.3 13.9 12 6 9 10.2 10.8 11.1 19 10

Se ppm <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l.

Sn ppm <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l.

Sr ppm 140 92 96 69 47 62 84 79 80 72 47

Ta ppm <d.l. <d.l. 1 <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l.

Th ppm 11.5 11.2 10.5 7.7 5.3 7.3 8.7 9.4 8.9 8.9 8.2

Ti % 0.31 0.31 0.27 0.21 0.11 0.16 0.19 0.24 0.23 0.27 0.21

U ppm 2.3 4 4.8 1 0.8 1 1.1 1.8 4.4 1.4 1

V ppm 94 113 119 84 38 52 66 97 119 94 72

W ppm 2 <d.l. <d.l. <d.l. <d.l. 2 <d.l. <d.l. <d.l. <d.l. 2

Y ppm 26 20 21 29 17 23 21 18 34 19 15

Zn ppm 109 100 93 61 49 57 79 91 100 94 84

Zr ppm 94 n.d. n.d. n.d. 32 51 n.d. n.d. n.d. 82 56

La ppm 31.6 34.4 36.2 41.2 16.1 22.7 29.9 27.8 38.6 26.5 19.4

Ce ppm 60 82 85 104 41 56 74 60 92 61 46

Nd ppm 25 22 33 33 14 21 34 23 31 20 15

Sm ppm 5.8 5.4 4.7 7.7 2.9 4.5 5.1 3.8 7 4.8 3.5

Eu ppm 1.2 1 2.1 1.6 0.6 0.9 1.3 1 1.8 1 0.6

Tb ppm <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. 1 <d.l. <d.l.

Yb ppm 2.3 2.2 2.2 3.9 1.7 2.2 0 0 1 2.4 1.8

Lu ppm 0.4 0.37 0.38 0.52 0.28 0.33 0.33 0.41 0.44 0.37 0.3

Ce/La 1.9 2.4 2.3 2.5 2.5 2.5 2.5 2.2 2.4 2.3 2.4
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Ta ble 1 con tin ued

Sampe
no

Krz-68-01 Krz-68-02 Krz-70-01 Krz-70-02 Krz-71-01 Krz-71-02 Krz-72 Krz-106c Krz-106d Krz-106e Krz-107

Ag ppm <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l.

Al % 3.43 3.48 3.63 3.61 3.78 4.12 3.76 1.82 1.64 2.18 3.08

As ppm <d.l. 2.7 1.8 <d.l. <d.l. 2.4 6.3 1.2 1.7 1.4 3

Au ppb <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l.

Ba ppm 464 648 592 728 696 800 440 400 310 429 1680

Be ppm 2 2 2 2 2 2 <d.l. 2 0 <d.l. 2

Bi ppm <d.l. <d.l. 3 <d.l. <d.l. <d.l. 5 <d.l. <d.l. <d.l. <d.l.

Br ppm <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l.

Ca % 0.83 0.9 0.81 0.97 0.91 1.04 0.9 0.81 0.39 0.55 0.7

Cd ppm <d.l. 0.4 <d.l. 0.5 0.5 0.7 1 0.5 <d.l. <d.l. 0.4

Co ppm 14 25 14 28 16 22 14 11 6 7 18

Cr ppm 53 64 82 72 58 58 65 80 30 51 65

Cs ppm 6 8 8 10 6 8 5 3 3 3 6

Cu ppm 338 631 41 61 55 39 102 132 105 83 99

Fe % 2.09 3.87 2.03 3.88 2.13 3.68 5.7 4.18 3.31 2.86 1.75

Hf ppm 2 2 4 2 3 2 2 2 <d.l. 2 2

K % 1.63 1.84 1.87 1.99 1.91 2.23 1.91 1.5 1.17 1.35 1.42

Mg % 1.04 1.14 1.11 1.15 1.14 1.31 0.97 0.8 0.53 0.71 1

Mn ppm 5644 9858 286 15159 4544 8745 10649 335 346 904 7414

Mo ppm <d.l. <d.l. <d.l. 2 <d.l. 2 2 <d.l. <d.l. <d.l. <d.l.

Na % 0.15 0.15 0.19 0.15 0.18 0.14 0.18 0.21 0.13 0.17 0.19

Ni ppm 51 65 40 69 47 71 155 49 37 47 64

P % 0.048 0.046 0.065 0.04 0.059 0.059 0.099 0.101 0.052 0.7 0.043

Pb ppm 9 11 13 18 16 18 29 7 13 6 16

Rb ppm 79 100 100 81 91 101 120 <d.l. 60 70 62

S ppm 70 50 70 60 80 70 50 <d.l. 10 20 40

Sb ppm 0.3 0.6 0.6 0.7 0.2 0.8 0.7 0.6 0.5 0.4 0.6

Sc ppm 9.2 10.9 11.2 10.9 10.3 10.8 12 12 6 9 10.2

Se ppm <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l.

Sn ppm <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l.

Sr ppm 57 56 60 60 64 66 62 69 47 62 84

Ta ppm <d.l. <d.l. 1.1 <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l.

Th ppm 7.7 8.2 9.2 9.6 9.2 8.4 7.6 7.7 5.3 7.3 8.7

Ti % 0.2 0.19 0.26 0.22 0.24 0.25 0.21 0.21 0.11 0.16 0.19

U ppm 1 1 2 1.1 1.1 1.2 0.8 1 0.8 1 1.1

V ppm 59 60 190 87 85 89 76 84 38 52 66

W ppm <d.l. 6 <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. 2 <d.l.

Y ppm 26 25 28 22 30 29 52 29 17 23 21

Zn ppm 78 88 0 95 97 102 180 61 49 57 79

Zr ppm n.d. n.d. n.d. n.d. n.d. n.d. 60 n.d. 32 51 n.d.

La ppm 29.4 32.8 36.4 33.2 34.2 32.4 33.2 41.2 16.1 22.7 29.9

Ce ppm 67 76 89 82 86 77 100 104 41 56 74

Nd ppm 25 29 38 32 30 30 31 33 14 21 34

Sm ppm 5 5.4 6.5 5.3 6.1 5.8 7.1 7.7 2.9 4.5 5.1

Eu ppm 1.4 1.4 1.7 1.3 1.6 1.4 1.9 1.6 0.6 0.9 1.3

Tb ppm 0.9 <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l.

Yb ppm 2 2.2 2.2 2.2 2.4 2.2 3.4 3.9 1.7 2.2 0

Lu ppm 0.3 0.38 0.38 0.35 0.43 0.43 0.55 0.52 0.28 0.33 0.33

Ce/La 2.3 2.3 2.4 2.5 2.5 2.4 3 2.5 2.5 2.5 2.5
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Ta ble 1 con tin ued

Sam ple
no

Krz-108 Krz-109 Krz-110 Krz-67 Krz-68-01 Krz-68-02 Krz-70-01 Krz-70-02 Krz-71-01 Krz-71-02 Krz-72

Ag ppm <d.l. <d.l. 0.3 0.3 <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l.

Al % 3.56 3.61 2.94 2.52 3.43 3.48 3.63 3.61 3.78 4.12 3.76

As ppm 2.1 4.7 2.4 1.4 <d.l. 2.7 1.8 <d.l. <d.l. 2.4 6.3

Au ppb <d.l. 5 <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l.

Ba ppm 448 800 874 382 464 648 592 728 696 800 440

Be ppm 2 2 2 1 2 2 2 2 2 2 <d.l.

Bi ppm <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. 3 <d.l. <d.l. <d.l. 5

Br ppm <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l.

Ca % 0.73 0.8 0.76 0.62 0.83 0.9 0.81 0.97 0.91 1.04 0.9

Cd ppm <d.l. 0.4 0.6 0.5 <d.l. 0.4 <d.l. 0.5 0.5 0.7 1

Co ppm 15 17 22 9 14 25 14 28 16 22 14

Cr ppm 94 82 80 64 53 64 82 72 58 58 65

Cs ppm 8 8 5 5 6 8 8 10 6 8 5

Cu ppm 50 120 184 43 338 631 41 61 55 39 102

Fe % 2.53 1.61 2.88 5.21 2.09 3.87 2.03 3.88 2.13 3.68 5.7

Hf ppm 3 2 3 2 2 2 4 2 3 2 2

K % 1.92 1.74 2.01 1.55 1.63 1.84 1.87 1.99 1.91 2.23 1.91

Mg % 1.15 1.15 1.04 0.76 1.04 1.14 1.11 1.15 1.14 1.31 0.97

Mn ppm 847 3095 3782 1062 5644 9858 286 15159 4544 8745 10649

Mo ppm <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. 2 <d.l. 2 2

Na % 0.2 0.18 0.16 0.13 0.15 0.15 0.19 0.15 0.18 0.14 0.18

Ni ppm 53 44 66 55 51 65 40 69 47 71 155

P % 0.042 0.068 0.039 0.026 0.048 0.046 0.065 0.04 0.059 0.059 0.099

Pb ppm 16 33 15 7 9 11 13 18 16 18 29

Rb ppm 101 89 110 90 79 100 100 81 91 101 120

S ppm 50 70 20 20 70 50 70 60 80 70 50

Sb ppm 0.7 0.6 0.5 0.4 0.3 0.6 0.6 0.7 0.2 0.8 0.7

Sc ppm 10.8 11.1 19 10 9.2 10.9 11.2 10.9 10.3 10.8 12

Se ppm <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l.

Sn ppm <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l.

Sr ppm 79 80 72 47 57 56 60 60 64 66 62

Ta ppm <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. 1.1 <d.l. <d.l. <d.l. <d.l.

Th ppm 9.4 8.9 8.9 8.2 7.7 8.2 9.2 9.6 9.2 8.4 7.6

Ti % 0.24 0.23 0.27 0.21 0.2 0.19 0.26 0.22 0.24 0.25 0.21

U ppm 1.8 4.4 1.4 1 1 1 2 1.1 1.1 1.2 0.8

V ppm 97 119 94 72 59 60 190 87 85 89 76

W ppm <d.l. <d.l. <d.l. 2 <d.l. 6 <d.l. <d.l. <d.l. <d.l. <d.l.

Y ppm 18 34 19 15 26 25 28 22 30 29 52

Zn ppm 91 100 94 84 78 88 0 95 97 102 180

Zr ppm n.d. n.d. 82 56 n.d. n.d. n.d. n.d. n.d. n.d. 60

La ppm 27.8 38.6 26.5 19.4 29.4 32.8 36.4 33.2 34.2 32.4 33.2

Ce ppm 60 92 61 46 67 76 89 82 86 77 100

Nd ppm 23 31 20 15 25 29 38 32 30 30 31

Sm ppm 3.8 7 4.8 3.5 5 5.4 6.5 5.3 6.1 5.8 7.1

Eu ppm 1 1.8 1 0.6 1.4 1.4 1.7 1.3 1.6 1.4 1.9

Tb ppm <d.l. 1 <d.l. <d.l. 0.9 <d.l. <d.l. <d.l. <d.l. <d.l. <d.l.

Yb ppm 0 1 2.4 1.8 2 2.2 2.2 2.2 2.4 2.2 3.4

Lu ppm 0.41 0.44 0.37 0.3 0.3 0.38 0.38 0.35 0.43 0.43 0.55

Ce/La 2.2 2.4 2.3 2.4 2.3 2.3 2.4 2.5 2.5 2.4 3



Ox y gen a tion of bot tom-wa ter fluc tu ated dur ing the de -
po si tion of the calciturbidite suc ces sion. Fre quent pe ri ods
with dysoxic con di tions are marked by nu mer ous dark-grey
lay ers, low-di ver sity of DWAF as sem blages, Chondrites
traces in the green lay ers, and the high val ues of chem i cal
re dox in dexes of dark-grey sed i ments. A few black non-cal -
car e ous shale in ter ca la tions in di cate anoxic or even euxinic
con di tions at the ba sin floor, on the ba sis of chem i cal in -
dexes (Fig. 13) and the lack of benthic foraminifers.

The calciturbidite suc ces sion oc cur ring in the stud ied
sec tion be low the or ganic-rich fa cies is not unique in the
Up per Cenomanian of the Outer Carpathians. Sim i lar sed i -
ments, dis tin guished as the Mikuszowice Cherts (Burta-
nówna, 1933) lie in the same strati graphic po si tion (the
Mid dle-Late Cenomanian: B¹k M. et al., 2005) in the west,
in other mar ginal ba sin of the Outer Carpathians, the Sile-
sian Ba sin. These are spicule-rich turbidites in clud ing ad -
mix ture of nu mer ous radiolarian and cal car e ous ben thic and 
plank tonic foraminiferal par ti cles. This biogenic ma te rial
to gether with siliciclastic grains was sup plied also from the
margin of the West European Platform.

In both bas ins lo cated along the north ern mar gin of the
North ern Tethys, turbidites with dom i nant biogenic ma te -
rial were re placed by or ganic-rich sed i ments dur ing the
same time, i.e. dur ing the lat est Cenomanian (B¹k K. et al.,
2001; B¹k M. et al., 2005). It seems that their grad ual dis ap -
pear ance was re lated to ris ing sea-level and to ex pan sion of
the ox y gen min i mum zone. The first fac tor, the on go ing
eustatic sea-level rise (e.g., Jacquin & de Graciansky,
1998), lim ited the amount of con ti nen tal silty and sandy de -
tri tus by flood ing of con ti nen tal shelves, while the sec ond
one, sig nif i cantly re stricted the de vel op ment of macro- and
micro fauna at both the sea bottom and the surface.

Lat est Cenomanian or ganic-rich sed i men ta tion

The strati graphic po si tion of the or ganic-rich fa cies of
the stud ied sec tion (lower and mid dle parts of the car bon
iso tope ex cur sion) shows that these sed i ments are the equiv -
a lent of the “Bonarelli level”, re corded from deep-wa ter
car bon ate fa cies in the West ern Tethys (e.g., Ar thur &
Premoli Silva, 1982; Luciani & Cobianchi, 1999; Scopelliti
et al., 2004). The benthos-free, black shales, with TOC con -
tents be tween 3 and 8% (B¹k K., 2007b), in di cate anoxic or
even euxinic con di tions at the sea floor. Bot tom-wa ter an -
oxia is con firmed by pos i tive ex cur sions of chem i cal re dox
in di ces such as the U/Th, V/(V+Ni), and As/Al ra tios,
which have their max ima in the black shales (Fig. 13). Or -
ganic mat ter orig i nated both from, ter res trial and ma rine
sources (B¹k K., 2007b). One of the sources of the lat ter
type of or ganic mat ter could be al gae, what is in ferred on
the ba sis of the high val ues of the As/Al ra tio in the black
shale layer con tain ing mainly ma rine or ganic mat ter (s.
Krz-98; Fig. 13). Ar senic as a biophile el e ment, ab sorbed by 
plank tonic or gan isms (mainly by al gae) in sur face wa ter
(Francesconi & Edmonds, 1998) is scav enged from sea wa -
ter to sed i ment by or ganic car bon mat ter frac tion, in a man -
ner sim i lar to the be hav ior of Se, Sb, Ag, Zn and Br (Masu-

zawa, 1989). Be sides al gae, the ma rine or ganic mat ter en -
rich ment is linked to the abun dance of radio lar ians; this may 
re flect en hanced pro duc tiv ity dur ing the upwelling-con -
trolled in ter vals.

Pe ri ods of bot tom an oxia were in ter rupted by in ter vals
with turbidite sed i men ta tion. An in crease in fine de tri tal in -
put to the ba sin floor is marked by pos i tive ex cur sions of
Al/(Al+Fe+Mn) and Rb/Al pro files. The lat ter are rep re sen -
ta tive of dom i nant flu vial in put, what may sug gest that
riverine dis charge was a ma jor source of fine de tri tus dur ing 
the de po si tion of the green shales. The ae olian con tri bu tion
in de tri tal in put was neg li gi ble, as ex pressed by the Ti/Al ra -
tio which is the low est in com par i son to the un der ly ing and
over ly ing sed i ments, prob a bly re flect ing the max i mum of
the world wide trans gres sion. The sed i men ta tion of green
shales oc curred un der dysoxic con di tions, as tes ti fied by the 
chem i cal re dox in di ces. Poorly-di ver si fied DWAF as sem -
blages in the green shales (Fig. 3), rep re sented by the
“Biofacies B” of Kuhnt and Kaminski (1989) confirm the
oxygen-depleted conditions at the basin floor.

Reoxygenation of bot tom wa ter close
to the C-T bound ary

The pre cip i ta tion of two ho ri zons of the Fe-Mn layer
over ly ing the or ganic-rich fa cies was re lated to changes in
bot tom wa ter dy nam ics across the C–T bound ary, as sug -
gested by their min er al og i cal, chem i cal, and microfacies
studies (B¹k K., 2007b). Both lay ers orig i nated as rhodo-
chrosite-rich sed i ment, formed un der anoxic pore and/or
bot tom wa ter that could be ep i sod i cally oxydized by re cur -
rent in flows of warm, ox y gen ated wa ter trans ported by bot -
tom cur rents (for de tails – see B¹k K., 2006). Most prob a -
bly, dur ing an in crease in deep-wa ter cir cu la tion, which
caused the long-termed in ter vals with well-ox y gen ated bot -
tom and pore-wa ter in the top most part of the sed i ments, the 
rhodochrosite-rich layer, in clud ing also nu mer ous bar ite
crys tals, was diagenetically trans formed into bar ium-man -
ga nese ox ides. The palaeontological data, such as the nu -
mer ous oc cur rence of a small-sized infaunal DWAF as sem -
blage in the var ie gated shale di rectly over ly ing the Fe-Mn
layer, which is si mul ta neously the first ap pear ance of ben -
thic foraminifers above the or ganic-rich fa cies, may sup port 
such a sug ges tion (B¹k K., 2007b).

The si li ceous-manganiferous shale se ries be tween the
two ho ri zons of the Fe-Mn layer in cludes a few lev els of
very thin Fe-Mn crusts, which may cor re spond to pe ri ods of 
ex tremely low sed i men ta tion rate or even hi a tuses. Chem i -
cal in di ca tors of de tri tal in put to the ba sin floor, such as the
Al/(Al+Fe+Mn) ra tio (Machhlour et al., 1994) have the
low est mean value in this se ries, dem on strat ing the low est
terrigenous sup ply to the ba sin floor within the whole stud -
ied sec tion. The low est con tent of Al2O3 in these sed i ments
(Fig. 11A) sup ports this in ter pre ta tion. All these fea tures
dem on strate that the si li ceous-manganiferous shale se ries
could cor re spond to pe riod of high stand of sea level dur ing
the world wide trans gres sion, which prevented siliciclastic
supply to the basin floor.
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The ox y gen a tion of the bot tom- and pore-wa ters dur ing 
Early Turonian times is also con firmed by the chem i cal re -
dox in di ca tors, such as U/Th, V/(V+Ni), and As/Al ra tios
that dis play a de creas ing trend for the var ie gated sed i ments.
In fact, the re dox con di tions have var ied with time, as is
shown by the re dox in di ces for the green and red shales, re -
spec tively. Thin red shale lay ers in this se ries dis play the
low est val ues of the re dox in di ces, sug ges tive of better ox y -
gen a tion. Nev er the less, the whole se ries, ex cept for the thin
sed i ment di rectly over ly ing the Fe-Mn layer, is de void of
ben thic microfossils and bioturbation, which seems to in di -
cate stressed con di tions at the ba sin floor. The val ues of the
V/(V+Ni) ra tio, es pe cially in the green shales, sug gest even
dysoxia, tak ing into ac count the limit val ues pro posed for
such con di tions by Hatch and Leventhal (1992). It is here
hy poth e sized that the low ox y gen con tent at the ba sin floor
could be re lated to high tem per a tures of bot tom wa ters, sug -
gested for this pe riod by Norris and Wil son (1998),
Gustafsson et al. (2003), and Voigt et al. (2003). The slug -
gish bot tom wa ter cir cu la tion dur ing the de po si tion of the
or ganic-rich se ries, was cer tainly en hanced later, but there
were pulses of high-ve loc ity bot tom cur rents which in -
creased ox y gen con tent at the ba sin floor, af ter which fol -
lowed per ma nent and full ox y gen a tion of bot tom wa ters.
Low val ues of the Ce/La ra tio (2.1–2.5; Ta ble 1) cal cu lated
for the sed i ments above the or ganic-rich fa cies, which are a
proxy for the ox y gen con tent in the wa ter masses (Glasby et
al., 1997; Kunzendorf et al., 1993; Kasten et al., 1998), sup -
port this in ter pre ta tion. The stron gest and long-termed ox y -
gen a tion of bot tom wa ter took place only at the be gin ning of 
the bot tom wa ter re or gani sa tion, prob a bly re spon si ble for
the diagenetic trans for ma tions of the first ho ri zon of the
Fe-Mn layer. It is here also con firmed by the oc cur rence of a 
10-cm-thick suc ces sion of red shales, whose base is 30 cm
above this Fe-Mn layer. Higher up, only very thin (a few
mm thick) and dis persed red shale lay ers oc cur, dem on strat -
ing only short-termed im pulses of bot tom cur rents, trans -
port ing better ox y gen ated wa ter masses. In con trast, slug -
gish cir cu la tion, as so ci ated with en hanced pri mary pro duc -
tiv ity caused the oc cur rence of even pe ri odic an oxia, which
re sulted in de po si tion of two dark-lam i nated black shales,
strongly en riched in ma rine or ganic mat ter. The high con -
tent of TOC in these shales can be here also at trib uted to the
ex tremely low clastic sup ply caused by the high sea level
stand. The well-ox y gen ated con di tions at the ba sin floor,
dem on strated by di ver si fied foraminiferal ag glu ti nated as -
sem blages, ap peared within the Quadrum gartneri cal car e -
ous nannoplankton Zone, cor re spond ing to the Lower Turo- 
nian. The DWAF in cludes nu mer ous infaunal morphotypes
be long ing to the Uvigerinammina jankoi as sem blage, typ i -
cal of Turonian–Lower Campanian red and variegated
facies from the Western Tethyan abyssal and bathyal en vi -
ronments, formed in well-oxygenated conditions at basin
floor (e.g., Kuhnt et al., 1992; B¹k, K., 2000).

Changes in pri mary pro duc tiv ity
dur ing the C–T bound ary in ter val

The pres ence of nu mer ous radiolarian-rich lay ers above 
the or ganic-rich se ries may be in ter preted as the re cord of a
rel a tively high level of pri mary pro duc tiv ity in the Skole
Ba sin, gently in creas ing up-sec tion in com par i son to the
Late Cenomanian se ries. The radiolarian as sem blages from
the var ie gated shales con sist mainly of small spec i mens of
the ge nus Holocryptocanium, which prob a bly could be re -
garded as an op por tu nis tic form, re lated to the upwelling ar -
eas. A dom i nance of this ge nus was also ob served in the or -
ganic-rich se quence and in the un der ly ing hemipelagic
shales within the calciturbidite suc ces sion. Ac cord ingly, the 
nu mer ous radiolarian-rich lay ers pres ent in the whole stud -
ied sec tion may re flect sea sonal? upwelling cir cu la tion at
the mar gin of the Carpathian Ba sin, sug gested also by the
data from the Subsilesian and Silesian nappes (B¹k K.,
2006, 2007a).

Some chem i cal sig nals, like the con tent of sil ica and
sed i men tary bar ium, con firm the in crease of pri mary pro -
duc tiv ity af ter the de po si tion of the or ganic-rich fa cies.
However, the pres er va tion and diagenetic remobilization of
pri mary opal ine and bar ium could re strict their ap pli ca tion
as a proxy for sur face wa ter pro duc tiv ity (e.g., Von Brey-
mann et al., 1990; Dymond et al., 1992; Tribovillard et al.,
1996).

The neg a tive cor re la tion be tween Al2O3 and SiO2 (Fig.
11B) for sed i ments over ly ing the first Fe-Mn layer may be
ex plained by pre dom i nance of biogenic sil ica, di luted by
terrigenous par ti cles. In this sense, the high con tent of sil ica
in the var ie gated shales, in com par i son with the un der ly ing
se ries, may dem on strate a rel a tive in crease in pro duc tiv ity
in lat est Cenomanian–ear li est Turonian times. How ever, the 
above men tioned trend could be also caused (at least par -
tially) by de creas ing terrigenous sup ply to the ba sin floor
dur ing the maximum of the worldwide transgression.

More ques tions con cern the use of bar ium as a proxy
for sur face pri mary pro duc tiv ity, es pe cially if the changes in 
Ba con tent are in ter preted with out knowl edge of the par tic -
u late Ba phases. The pre sented data on the bar ium con tent
are based only on the bulk sam ple com po si tion, thus the
con tent of Ba from sed i men tary bar ite, Fe/Mn ox ides and
detritic Ba as so ci ated with aluminosilicates, is not known
here. Fur ther more, the ef fects of suboxic diagenesis may
have in flu enced the Ba con tent in the stud ied sed i ments
(McManus et al., 1998, 1999). Con se quently, the pre sented
Ba/Al and Ba/Sc ra tios may pres ent only gen eral trends in
changes of pri mary pro duc tiv ity, as re ferred by Reitz et al.
(2004). How ever, even this trend may not only re flect vari a -
tions in pri mary pro duc tiv ity, but may also re sult from
changes in sup ply of aluminosilicates and from changes in
the type of lithogenic ma te rial de liv ered to the ba sin floor.
The mar ginal po si tion of the Skole Ba sin, close to the West
Eu ro pean Plat form, fa voured sup ply of con ti nen tal de bris
in clud ing alu mi no sili cate par ti cles. In con trast, this sup ply
decreased during the Late Cenomanian–Early Turonian
progressive worldwide transgression.
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The plot of Ba/Al shows a sur pris ingly high value in the 
first Fe-Mn layer. The or i gin of bar ium could be dif fer ent
here. The data from pres ent-day sed i ments dem on strate that
Ba could be scav enged im me di ately from sea wa ter by Mn
ox ides (e.g., Keninson Falkner et al., 1993; De Lange et al.,
1990, 1994) but it also may have coprecipitated within
newly formed Mn ox ides dur ing early diagenesis (e.g.,
Kumar et al., 1996; Schroeder et al., 1997). In the lat ter
case, Ba2+ is re leased into pore-wa ter by bar ite dis so lu tion
and scav enged by Mn ox ides in the oxic zone of the sed i -
ment. Bar ite could here orig i nate from the ce ment within the 
pri mary Fe-Mn car bon ates. Such as so ci a tions are known
from authigenic Fe-Mn car bon ates in deep-wa ter ma rine
sed i ments (e.g., in the Ce no zoic silts and clays of the Arc tic
Ocean and the Nor we gian-Green land Sea, Sites 909 and
911; Chow et al., 2000). The high con cen tra tion of Ba in the 
Mn ox ides (ca. 6500 ppm) in the stud ied Fe-Mn layer is
300% higher than that re ported from the Pa cific and At lan -
tic Oceans, where the Ba con tent in the Mn ox ide-hy drox -
ides ranges be tween 1000 and 2000 ppm (Dymond et al.,
1992). How ever, in well-ox y gen ated sed i ments in the Ara -
bian Sea, Ba con tent in Mn ox ides at tains even 6000 ppm
(Schenau et al., 2001), similarly as in the studied Fe-Mn
layer.

The plots of Ba/Al and Ba/Sc ra tios in hemipelagic
shales show sig nif i cantly higher val ues in the var ie gated
sed i ments than in the un der ly ing se ries (Fig. 13). These val -
ues, sim i lar to the mean value de ter mined for the CTBE by
Warn ing and Brumsack (2000), are even 200% higher than
in the up per most Cenomanian calciturbidite se ries. Ac cord -
ingly, ir re spec tive of the dis cussed above re stric tions in ap -
pli ca tion of Ba/Al and Ba/Sc ra tios as the pro duc tiv ity
proxy, it seems that sur face wa ters were un der in flu ence of
sea sonal? coastal upwelling dur ing the ear li est Turonian,
which re sulted in in creased pri mary pro duc tiv ity in the
marginal part of the Carpathian Basin.

CON CLU SIONS

1. Microfacies, microfossils and chem i cal data al lowed
the rec og ni tion of the oce anic anoxic event (OAE-2) in the
pre vi ously un dif fer en ti ated Cenomanian–Turonian suc ces -
sion in the Skole Nappe of the Pol ish Outer Carpathians.

2. The OAE-2 was pre ceded in the Skole Ba sin by sed i -
men ta tion of di luted grav ity flows trans port ing mainly bio-
genic ma te rial from the shelves of the West Eu ro pean Plat -
form. This sed i men tary re cord was con cur rent with spicule-
rich turbidite sed i men ta tion, in an other mar ginal ba sin of
the Outer Carpathians, the Silesian Ba sin. In both bas ins,
the biogenic-rich-turbidite sed i men ta tion grad u ally dis ap -
peared dur ing the lat est Cenomanian (near the be gin ning of
the d13C ex cur sion), be ing re lated to the on go ing eustatic
rise and the ex pan sion of the ox y gen min i mum zone.

3. The up per most Cenomanian or ganic-rich fa cies
(Bonarelli-equivallent ho ri zon) re cords the OAE-2. The
benthos-free black sed i ments, char ac ter ized by pos i tive ex -
cur sions of chem i cal re dox in di ces, are in dic a tive of bot tom

wa ter an oxia, in ter rupted by in ter vals of suboxic con di tions, 
ex pressed by the sed i men ta tion of hemipelagic green
shales. These sed i ments con tain a low num ber of poorly-di -
ver si fied deep-wa ter ag glu ti nated foraminifers, which rep -
re sent a stressed as sem blage of the so-called “Biofacies B”,
re lated to ox y gen-de pleted con di tions co in cid ing probably
with the increasing temperature of bottom water.

4. The ferro manga nese layer, cov ered by a 70 cm thick
suc ces sion of si li ceous-manganiferous shales, di rectly over -
lies the or ganic-rich fa cies. These sed i ments have been de -
pos ited un der well-ox y gen ated bot tom- and pore-wa ter re -
lated to an in crease in deep-wa ter circulation.

5. In creas ing, but not per ma nent, ox y gen a tion of bot -
tom wa ters is sug gested for the low er most Turonian var ie -
gated shales. Neg a tive ex cur sions of chem i cal re dox in di ces 
like U/Th, V/(V+Ni), and As/Al ra tios, in di cate better ox y -
gen a tion, but low val ues of the Ce/La ra tio and the lack of
benthos and bioturbation point to pre dom i nance of slug gish
cir cu la tion and stressed con di tions at the ba sin floor, with
pulses of high-ve loc ity bot tom cur rents that in creased the
ox y gen con tent near the ba sin floor. Oc ca sion ally, slug gish
cir cu la tion, as so ci ated with en hanced pri mary pro duc tiv ity,
re sulted in bot tom wa ter an oxia, marked by the de po si tion
of or ganic-rich black shales. The well-ox y gen ated con di -
tions at the ba sin floor, dem on strated by di ver si fied forami-
niferal ag glu ti nated as sem blages, ap peared in the Early
Turonian, cor re spond ing to the cal car e ous nannoplankton
Quadrum gartneri Zone.

8. A high fre quency of radiolarian-rich lay ers above the 
Bonarelli-equiv a lent ho ri zon and the in crease in Ba/Al and
Ba/Sc ra tios are in ter preted as the re sult of a rel a tively high
level of pri mary pro duc tiv ity in the Skole Ba sin, gently in -
creas ing up-sec tion in com par i son to the Up per Cenoma-
nian successions.
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Streszczenie

ZMIANY W G£ÊBOKOWODNYM ŒRODOWISKU
BRZE¯NEJ CZÊŒCI BASENU KARPAT
ZEWNÊTRZNYCH WOKÓ£ GRANICY

CENOMANU I TURONU WYRA¯ONE W ZAPISIE
MIKROFACJI, ZESPO£ACH

MIKROSKAMIENIA£OŒCI I CHEMIZMIE
UTWORÓW W P£ASZCZOWINIE SKOLSKIEJ

Krzysztof B¹k

Anoksyczne zdarzenie oceaniczne z granicy cenomanu i tu-
ronu, odzwierciedlone przez sedymentacjê czarnych ³upków orga- 
nicznych i ³upków radiolariowych (tzw. CTBE, OAE-2, Bonarelli
Event) by³o przedmiotem licznych i wielokierunkowych badañ
pod k¹tem okreœlenia jego cech, przyczyn i skutków, jakie spowo-
dowa³o (np., Ar thur, 1979; Jenkyns, 1980; Summerhayes, 1981;
Ar thur & Premoli Silva, 1982; Bralower & Thierstein, 1984;
Herbin et al., 1986; Kuhnt et al., 1990; Pedersen & Calvert, 1990;
Peryt & Wyrwicka, 1991, 1993; Tyson, 1995; Sinninghe Damsté
& Köster, 1998; Gustafsson et al., 2003; Lüning et al, 2004; Kuhnt 
et al., 2005; Wójcik-Tabol, 2006). Zapis tego zdarzenia jest znany
g³ównie ze œrodowisk mórz epikontynentalnych i obszarów ocea-
nicznych z sedymentacj¹ wêglanow¹. Pro file osadów cenomanu
i turonu z basenów g³êbokowodnych, z dnem poni¿ej granicy
kompensacji wêglanowej s¹ nieliczne i natura tego zdarzenia jest
s³abo poznana z takich œrodowisk. W niniejszej pracy przed-
stawiono zapis anoksycznego zdarzenia oceanicznego na granicy
cenomanu i turonu w g³êbokowodnym basenie Karpat Zewnêtrz-
nych, wraz z interpretacj¹ zmian, jakie zasz³y na dnie tego basenu. 
Artyku³ ten jest uzupe³nieniem serii badañ autora na ww. temat,
opublikowanych wczeœniej w oparciu o pro file z dwóch innych
jednostek tektonicznych Karpat Zewnêtrznych (B¹k K., 2006,
2007a).

Prezentowane badania by³y oparte o zmiennoœæ facji, sk³ad
chemiczny utworów hemipelagicznych oraz zmiennoœæ zespo³ów
otwornic aglutynuj¹cych. Osady badanego profilu (“profilu
Sp³awa”) by³y deponowane w brze¿nej czêœci basenu Karpat Zew- 
nêtrznych, w tzw. basenie skolskim (Fig. 1A). G³ównym celem
pracy by³a interpretacja zmian zawartoœci tlenu w wodach den-
nych tej czêœci basenu Karpat, interpretacja zmian produktyw-
noœci wód powierzchniowych oraz interpretacja zmian w dostawie 
materia³u okruchowego do dna basenu w czasie od póŸnego ceno-
manu do wczesnego turonu. Zmiany powy¿szych parametrów
œrodowiska basenu skolskiego zosta³y skorelowane z danymi
biostratygraficznymi i chemostratygraficznymi, analizowanymi
wczeœniej przez autora w tym samym profilu (B¹k K., 2007b).

Badany profil znajduje siê w centralnej czêœci jednostki
skolskiej w obrêbie antykliny Grunowej – Sp³awy, na dwóch brze- 
gach potoku Krzeczkowskiego, na pó³noc od wzgórza Sp³awa,
oko³o 25 km na SW od Przemyœla (Fig. 1B–D). Seria badanych

osadów w tym profilu obejmuje œrodkow¹ i górn¹ czêœæ formacji
³upków radiolariowych z Barnasiówki (£RB) oraz najni¿sz¹ czêœæ
sukcesji pstrych ³upków (Fig. 2, 3). Formacja £RB obejmuje na
tym obszarze: 1) zielone bezwapniste ³upki (niebêd¹ce tutaj przed- 
miotem badañ), 2) cienko³awicowe margle krzemionkowe z zie-
lonymi i czarnymi ³upkami bezwapnistymi (przynajmniej 20 m
mi¹¿szoœci), 3) seriê ³upków organicznych z bentonitami, stano-
wi¹c¹ horyzont o maksymalnej zawartoœci materii organicznej
(ok. 1,7 m mi¹¿szoœci), 4) pierwszy poziom ¿elazisto-manganowy
(do 3 cm), 5) pstre ³upki krzemionkowo-manganowe z drugim
poziomem Fe-Mn w stropie wraz z podœcielaj¹cym go poziomem
³upku organicznego (0,7 m mi¹¿szoœci). Seria nadleg³ych pstrych
³upków jest stektonizowana. Przedmiotem badañ by³y dwa pa-
kiety tej jednostki o mi¹¿szoœciach ok. 4,0 i 1,2 m; pierwszy z nich 
le¿y zgodnie na formacji £RB (Fig. 3).

Dane biostratygraficzne oparte na zespo³ach otwornic i pro-
mienic z tego profilu (B¹k K. et al., 2005; B¹k K., 2007b)
wskazuj¹, ¿e seria margli krzemionkowych (prawdopodobnie bez
jej najni¿szej czêœci) oraz ³upków organicznych, korelowanych z
poziomem “Bonarelli”, odpowiada dolnej czêœci poziomu Whitei-
nella archaeocretacea (Fig. 3). Z kolei analizy sta³ych izotopów
wêgla z materii organicznej wskazuj¹, ¿e sedymentacja czarnych
³upków organicznych, mia³a miejsce w czasie bliskim momentowi 
znacznego wzrostu wartoœci d13C, który by³ zdarzeniem o zna-
czeniu globalnym. W oparciu o graficzn¹ korelacjê krzywych war- 
toœci d13C w profilu Sp³awa z innymi profilami z Karpat Zew-
nêtrznych (B¹k K., 2007b) oraz ich kalibracjê z krzyw¹ czasu
orbitalnego w profilu stratotypowym granicy cenomanu i turonu
(c/t) w Pueblo (Kolorado, USA; Sageman et al., 2006) mo¿liwe
by³o wskazanie czasu pocz¹tku depozycji facji organicznych na
ok. 430 tys. lat przed granic¹ c/t (szczegó³y kalibracji – B¹k K.,
2007a, b). Zakoñczenie sedymentacji czarnych ³upków organicz-
nych mia³o miejsce oko³o 30–50 tys. lat przed granic¹ c/t jak wy-
nika z powy¿szej kalibracji krzywych izotopowych. Z kolei
powstanie warstwy Fe-Mn wraz z sedymentacj¹ serii pstrych
³upków krzemionkowo-manganowych o mi¹¿szoœci 60 cm trwa³o
przynajmniej 330–350 tys. lat. Czas sedymentacji drugiego
poziomu Fe-Mn oraz nadleg³ych pstrych ³upków jest niemo¿liwy
do okreœlenia w oparciu o dane izotopowe. Obecnoœæ gatunku
otwornicy aglutynuj¹cej Uvigerinammina jankoi i gatunku wa-
piennego nanoplanktonu Quadrum gartneri w drugim (wy¿szym)
pakiecie pstrych ³upków (GaŸdzicka w: B¹k K. et al., 2005)
wskazuje, ¿e ta czêœæ profilu osadów mo¿e korespondowaæ z dol-
nym turonem.

W badaniach mikrofacji, sk³adu chemicznego ³upków hemi-
pelagicznych oraz zespo³ów otwornic aglutynuj¹cych w ³upkach
wykorzystano ogó³em 79 próbek ska³ pobranych w profilu o su-
marycznej mi¹¿szoœci ok. 15 m (Fig. 3), przy czym mikrofacje
by³y analizowane w 46 próbach, sk³ad chemiczny ³upków – w 45
próbach, a zespo³y otwornic – w 47 próbach.

Seria cienko³awicowych margli i ³upków marglistych,
która stanowi najni¿sz¹ czêœæ badanego profilu (ok. 6,5 m mi¹¿-
szoœci) to sukcesja cienkich turbidytów wapiennych (2–20 mm;
Fig. 4A–C), gdzie granice warstw nie maj¹ charakteru granic
sedymentacyjnych, ale s¹ efektem procesów diagenetycznych.
Wiêkszoœæ tych turbidytów to laminowane równolegle ziarnity,
o zró¿nicownym sk³adzie petrograficznym, g³ównie z ziarnami
pochodzenia biogenicznego (Fig. 4D), przechodz¹ce ku górze w
waki wapienne, zawieraj¹ce pokruszone szkielety otwornic, g³ów- 
nie planktonicznych (Fig. 4E). Otwornice planktoniczne, które s¹
liczne równie¿ w ziarnitach nale¿¹ do rodzaju Hedbergella, Globi- 
gerinelloides, Heterohelix i ?Whiteinella (Fig. 5A–D). Otwornice
planktoniczne “z kilem” (?Praeglobotruncana, ?Rotalipora; Fig.
5E) wystêpuj¹ jedynie w najni¿szej czêœci badanej sukcesji margli 
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turbidytowych (Fig. 3). Niektóre z turbidytów wapiennych s¹
wykszta³cone jako mikrytowe ziarnity, zawieraj¹ce du¿¹ liczbê
igie³ g¹bek (Fig. 4F) oraz wapienne otwornice bentosowe nale¿¹ce 
do gavelinelidów (Fig. 5F–J), a tak¿e do rodzajów: Gyroidinoides
(Fig. 5K, L), Lenticulina (Fig. 5M, N, R), ?Nodosaria (Fig. 5O) i
Dentalina (Fig. 5P). W najwy¿szej czêœci tej sukcesji, w obrêbie
wak wapiennych, wystêpuj¹ liczne szkielety promienic, zdomino-
wane przez rodzaj ?Holocryptocanium (Fig. 4G), lokalnie wymie-
szane z ig³ami g¹bek (Fig. 5S). Ig³y g¹bek nale¿¹ do gromady
Hexactinelidae (Fig. 6B–D) i Demospongiae (Fig. 6A, E–M).
Wiele warstw turbidytów wapiennych zawiera równie¿ ma³e œlady 
z ichnorodzaju Chondrites (Fig. 4B) i Thalassinoides. Wszystkie
warstwy margli s¹ silnie impregnowane diagenetyczn¹ krzemion-
k¹. W obrêbie tej sukcesji wystêpuj¹ równie¿ bardzo cienkie
utwory hemipelagiczne, tj. zielone i czarne ³upki bezwapniste.
Zawieraj¹ one zespo³y g³êbokowodnych otwornic aglutynuj¹cych
z formami nale¿¹cymi g³ównie do Plectorecurvoides sp. (Fig. 7T), 
Recurvoides sp. (Fig. 7U), Thalmannammina spp. (Fig. 7S, V),
Glomospira charoides (Fig. 7G), Ammodiscus cretaceus (Fig. 7F), 
Bulbobaculites problematicus (Fig. 7L), Gerochammina spp. (Fig. 
7W, Z) i Trochammina sp. (Fig. 7N, O). Podrzêdnie wystêpuj¹
tam otwornice rurkowate (Fig. 7A, B) oraz Pseudonodosinella
parvula (Fig. 7K), Hippocrepina depressa (Fig 7C), Psammo-
sphaera sp. (Fig. 7D), Caudammina ovula (7E) i Haplophragmo-
ides spp. (Fig. 7P, R).

Seria wapnistych turbidytów przechodzi stopniowo ku górze
do hemipelagicznych facji wzbogaconych w materiê orga-
niczn¹ i promienice (Fig. 3). Jest to seria naprzemianleg³ych
czarnych i zielonych ³upków bezwapnistych z podrzêdnymi
cienkimi wk³adkami bentonitów. Pozycja stratygraficzna tej serii
odpowiada poziomowi “Bonarelli”, znanemu z wielu sukcesji wê-
glanowych w obrêbie Zachodniej Tetydy. Zawartoœæ wêgla orga-
nicznego (TOC) w czarnych ³upkach tej sukcesji wynosi od 3,2 do
prawie 8% (B¹k K., 2007b). Zespó³ otwornic aglutynuj¹cych
w tych osadach, wystêpuj¹cy g³ównie w zielonych ³upkach, jest
bardzo nieliczny (ok. 10 okazów w 100 g osadu) i zdominowany
przez formy o ma³ych rozmiarach nale¿¹ce do Recurvoides sp.
Podrzêdnie wystêpuj¹ tam Ammodiscus cretaceus, Glomospira
gordialis (Fig. 7H), Glomospirella gaultina (Fig. 7I), Haplo-
phragmoides sp., Gerochammina sp., ?Saccammina sp., Trocha-
mmina sp. (Fig. 7M) i spirytyzowane otwornice rurkowate.

Warstwa ¿elazisto-manganowa o mi¹¿szoœci 1,5–3 cm wy-
stêpuje 8–10 cm powy¿ej stropu facji organicznych. Jest ona zbu-
dowana z koncentrycznie u³o¿onych tlenków i wodorotlenków Fe, 
Mn i Ba (mikrosferuli o budowie pasowej), stanowi¹cych pseu-
domorfozy po wêglanach Fe i Mn (B¹k K., 2007b). Mikrosferule
Fe-Mn wystêpuj¹ w krzemionkowo-ilastym matriks, zawieraj¹-
cym pojedyncze ziarna kwarcu, muskowitu oraz szkielety pro-
mienic. Szczegó³owy opis tego horyzontu oraz jego korelacja z
analogicznymi utworami w innych profilach Karpat Zewnêtrz-
nych zosta³y przedstawione przez autora w innych pracach (B¹k
K., 2006, 2007a, b).

Wy¿ejleg³a sukcesja osadów o mi¹¿szoœci ok. 70 cm to
czerwone i zielone ³upki krzemionkowo-manganowe, z licz-
nymi laminami wzbogaconymi w promienice (Fig. 3). W jej stro-
pie le¿y cienki ³upek organiczny, a przykrywa go drugi poziom
¿elazisto-manganowy. Pierwsza czerwona warstwa ³upku wystê-
puje 5 cm powy¿ej dolnego horyzontu Fe-Mn. W laminie zielo-
nego ³upku, który rozdziela ten pierwszy czerwony horyzont
wystêpuj¹ bardzo liczne i ma³e otwornice aglutynuj¹ce nale¿¹ce
do rodzaju Gaudryina sp. albo Uvigerinammina sp., a tak¿e do
?Ammodiscus sp. Oprócz wy¿ej opisanego zespo³u, brak jest
otwornic bentosowych w tych osadach. Kolejny zespó³ zosta³
znaleziony dopiero w drugim (wy¿szym) pakiecie sukcesji pstrych 

³upków, który wystêpuje w kontakcie tektonicznym z ni¿ejleg³ymi 
osadami. Seria ³upków krzemionkowo-manganowych zawiera
natomiast liczne promienice (Fig. 8C–J), które tworz¹ laminy o
mi¹¿szoœci 1–3 mm; czêœæ z tych lamin ma charakter utworów
hemipelagicznych (Fig. 8A), a czêœæ reprezentuje utwory prze-
myte przez pr¹dy denne (Fig. 8B, K). Drugi poziom Fe-Mn ma
podobny sk³ad chemiczny, wewnêtrzn¹ strukturê i wystêpuje w tej 
samej pozycji stratygraficznej jak analogiczne utwory w jednostce 
œl¹skiej i podœl¹skiej (B¹k K., 2006, 2007a, b).

Seria pstrych ³upków ilastych, zdominowana przez ³upki
zielone, z cienkimi (< 0,5 mm) prze³awiceniami turbidytów o
frakcji mu³owej i pojedynczymi warstwami czarnych ³upków
organicznych i bentonitów wystêpuje w najwy¿szej czêœci bada-
nego profilu. Osady te s¹ stektonizowane, wystêpuj¹c w dwóch
pakietach (Fig. 3). Seria pstrych ³upków jest inkrustowana diage-
netycznymi tlenkami i wodorotlenkami Fe-Mn (Fig. 9). Zespó³
promienic wystêpuj¹cy w pstrych ³upkach jest lepiej zró¿nico-
wany taksonomicznie, podobnie jak i zespó³ otwornic agluty-
nuj¹cych, który wystêpuje w drugim pakiecie i zawiera zarówno
formy znane z górnocenomañskich facji organicznych (Recurvoi-
des sp., Fig. 10A, B; ?Thalmannammina sp., Fig. 10C; Trocha-
mmina sp., Fig. 10D, E; Glomospira glomerata, Fig. 10G), jak i
formy typowe dla turonu, tj. Gerochammina sp. (Fig. 10F), Bulbo- 
baculites problematicus, Ammobaculites sp. (Fig. 10H), Uvigeri-
nammina praejankoi (Fig. 10I) i U. jankoi (Fig. 10J).

Analizy sk³adu chemicznego ³upków zosta³y wykorzystane
w interpretacji zmian dostawy materia³u terygenicznego do dna
basenu, a tak¿e zmian zawartoœci tlenu w wodach dennych oraz
zmian w produktywnoœci wód powierzchniowych.

Jako chemiczne wskaŸniki dostawy materia³u okrucho-
wego wykorzystano proporcje Al2O3 do TiO2, Al2O3 do SiO2 a
tak¿e Rb do Al, Ti do Al i Al do (Al+Fe+Mn) (Fig. 11, 12). Gra-
ficzne porównanie krzywych opartych na powy¿szych wskaŸ-
nikach wskazuje na: 1) znacz¹ce ograniczenie dostawy materia³u
terygenicznego w czasie sedymentacji facji organicznych oraz
sukcesji ³upków krzemionkowo-manganowych pomiêdzy dwoma
poziomami Fe-Mn; 2) wzrost tempa dostawy materia³u teryge-
nicznego w czasie depozycji zielonych ³upków w obrêbie facji
organicznych; 3) najni¿sze tempo sedymentacji w czasie tworze-
nia siê warstw Fe-Mn; 4) malej¹cy udzia³ ziaren pochodzenia
eolicznego w górê profilu; 5) brak zró¿nicowania w profilu
zawartoœci najdrobniejszych ziaren pochodzenia fluwialnego; 6)
dominacjê krzemionki pochodzenia organicznego w serii ³upków
krzemionkowo-manganowych, w przeciwieñstwie do serii wy¿ej-
i ni¿ejleg³ych, gdzie SiO2 pochodzi zarówno z rozpuszczenia
ziaren kwarcu jak i szkieletów promienic oraz igie³ g¹bek.

Zród³em materia³u terygenicznego i biogenicznego dla serii
turbidytowej by³ szelf w marginalnej strefie platformy zachodnio-
europejskiej. Zespo³y otwornic bentosowych wskazuj¹, ¿e wiêk-
szoœæ materia³u pochodzi³a ze strefy nerytycznej i górnego batia³u. 
Mikrofacje i struktury sedymentacyjne w turbidytach wapiennych
wskazuj¹, ¿e materia³ biogeniczny i siliciklastyczny by³ dostar-
czany przez pr¹dy zawiesinowe o niskiej gêstoœci i ma³ej prêd-
koœci.

Seria turbidytów wapiennych w badanym profilu le¿y w tej
samej pozycji stratygraficznej, co osady o podobnym sk³adzie
i genezie w jednostce œl¹skiej (Rogowce Mikuszowickie). Ich
sedymentacja zakoñczy³a siê równie¿ w tym samym czasie (B¹k
M. et al., 2005), korelowanym z pocz¹tkiem eustatycznego
wzrostu poziomu morza i jednoczesn¹ ekspansj¹ strefy min i mum
tlenowego. Wzrost poziomu morza spowodowa³ zmniejszenie, a
nawet zatrzymanie sedymentacji w basenie skolskim, czego
odzwierciedleniem jest powstanie warstw Fe-Mn i serii ³upków
krzemionkowo-manganowych. Znacz¹ one maksimum transgresji.
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Warunki natlenienia na dnie by³y interpretowane zarówno
na podstawie wskaŸników chemicznych takich jak proporcje U do
Th, V do (V+Ni) i As do Al, a tak¿e w oparciu o sk³ad zespo³ów
otwornic aglutynuj¹cych. Graficzna korelacja krzywych che-
micznych wskaŸników natlenienia (Fig. 13) wskazuje na: 1) naj-
ni¿szy poziom natlenienia wód dennych (warunki anoksyczne i
euksyniczne) w czasie póŸnocenomañskiej sedymentacji facji
organicznych, z fluktuacjami w zawartoœci tlenu w czasie sedy-
mentacji ³upków organicznych i ³upków zielonych; 2) wy¿szy
poziom natlenienia wód dennych i porowych w czasie sedymen-
tacji ³upków zielonych, potwierdzony obecnoœci¹ skamienia³oœci
œladowych z ichnorodzaju Chondrites oraz zespo³u otwornic
aglutynuj¹cych, nale¿¹cych do tzw. Biofacji “B”; 3) dysoksyczne
i anoksyczne warunki na dnie w czasie póŸnomioceñskiej
sedymentacji serii turbidytów wapiennych; 4) znaczn¹ poprawê
natlenienia na dnie od zakoñczenia sedymentacji utworów
organicznych, z epizodami warunków anoksycznych.

Powstanie warstw Fe-Mn, pierwotnie jako warstw rodo-
chrozytowych, by³o zwi¹zane z inicjalnym etapem zmian w dyna-
mice wód dennych w basenie karpackim. Taki typ osadu po-
wstawa³ w warunkach dostêpnoœci jonów Fe i Mn oraz niedotle-
nienia wód porowych, które epizodycznie (?cyklicznie) ulega³y
natlenieniu w wyniku nap³ywu gor¹cych, dobrze natlenionych
wód transportowanych przez pr¹dy denne (szczegó³y genezy
utworów Fe-Mn – B¹k K., 2006). WskaŸnik natlenienia wód
dennych (Ce/La; Tab. 1) wskazuje jednak na niewielk¹ prêdkoœæ
pr¹dów dennych, która wzrasta³a prawdopodobnie jedynie epizo-
dycznie.

Materia organiczna w czarnych ³upkach jest g³ównie
pochodzenia morskiego (B¹k K., 2007b). Jednym z jej Ÿróde³ by³y 
glony, na co wskazuje wysoka zawartoœæ arsenu w niektórych
próbach czarnych ³upków.

Zmiany w produktywnoœci wód powierzchniowych by³y
interpretowane w oparciu o wskaŸniki chemiczne, tj. proporcje
udzia³u Ba i Al oraz Ba i Sc, przy zachowaniu œwiadomoœci o
ró¿nych ograniczeniach tej metody w zwi¹zku z potencjaln¹ mo-
¿liwoœci¹ wczesnodiagenetycznego uwolnienia Ba z biogenicz-
nych siarczanów w warunkach anoksycznych panuj¹cych w ko-
lumnie wody i na dnie oraz brakiem znajomoœci wszystkich Ÿróde³ 
pochodzenia baru. Negatywna korelacja pomiêdzy wartoœciami
Ba/Al i wskaŸnikami natlenienia osadu w obrêbie facji organicz-
nych wyklucza mo¿liwoœæ interpretacji produktywnoœci dla tej
czêœci profilu. Porównuj¹c wartoœci Ba/Al i Ba/Sc pomiêdzy
górnocenomañskimi ³upkami hemipelagicznymi a dolnoturoñ-
skimi ³upkami pstrymi mo¿na stwierdziæ wzrost produktywnoœci
wód powierzchniowych we wczesnym turonie. Potwierdza to
bardzo wysoka zawartoœæ baru w obrêbie warstwy Fe-Mn,
porównywalna z wartoœciami we wspó³czesnych œrodowiskach
o wysokiej produktywnoœci, a tak¿e obecnoœæ licznych lamin z
promienicami w serii ³upków krzemionkowo-manganowych. Zes-
pó³ promienic w obrêbie ca³ego badanego profilu jest zdomino-
wany przez ma³e, ?oportunistyczne formy z rodzaju Holocrypto-
canium, co mog³oby wskazywaæ na podwy¿szon¹ produktywnoœæ
w basenie w warunkach ?sezonowej cyrkulacji upwelingowej.
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