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Abstract: Lithology, microfacies, benthic foraminiferal and bulk chemical analyses of the Sptawa section in the
Skole Nappe, Outer Carpathians (Poland) reflect environmental changes across the Cenomanian—Turonian transi-
tion. Biogenic-rich-turbidite sedimentation preceded the organic-rich sedimentation in the Skole Basin, termina-
ting in the latest Cenomanian in response to progressive eustatic sea-level rise and to expansion of an oxygen
minimum zone. The uppermost Cenomanian black, laminated, organic-rich shale series records the oceanic anoxic
event (OAE-2). The benthos-free black non-calcareous shales exhibiting positive excursions of chemical redox
indexes are indicative of bottom-water anoxia, interrupted by periods of suboxic conditions with sedimentation of
hemipelagic green shales with poor agglutinated foraminiferal assemblages. An extremely low sedimentation rate
or even a hiatus and an increase in deep-water circulation causing basin oxygenation resulted in precipitation of a
ferromanganese layers and siliceous-manganiferrous variegated shales, as documented by low values of chemical
redox indices. However, the lack of benthos and bioturbation, and low values of the Ce/La ratio in the subsequent
succession of variegated shales (dominated by green shales) indicate a return to stressed conditions at basin floor
with sluggish bottom water circulation, which occasionally resulted in sea floor anoxia with deposition of
organic-rich shales. The long-termed well-oxygenated conditions at the basin floor appeared in the Early Turo-
nian, as documented by diversified benthic foraminiferal assemblages. The frequency of radiolarian-rich layers
and Ba/Al and Ba/Sc ratios increase up-section, reflecting an increase in primary productivity, induced by
upwelling circulation.

Keywords: Cenomanian—Turonian boundary event, microfacies, benthic foraminifers, bulk geochemistry, Outer
Carpathians, Poland.
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INTRODUCTION

In the deep-water environment, the Cenomanian—Turo-
nian boundary interval is globally marked by the presence
of organic-carbon-rich black shales, associated with radio-
larian-rich layers. Since the 1970, this interval, originally
termed the Cenomanian—Turonian Anoxic Event (OAE;
Schlanger & Jenkyns, 1976), and later referred to as the
Bonarelli Event, the OAE-2, and the Cenomanian—Turonian
Boundary Event (CTBE), has become one of the most
studied Phanerozoic oceanic events. Despite existence of
many contributions related to the OAE-2 (e.g., Arthur,
1979; Jenkyns, 1980; Summerhayes, 1981; Arthur & Pre-
moli Silva, 1982; Bralower & Thierstein, 1984; Herbin et

al., 1986; Kuhnt et al., 1990; Pedersen & Calvert, 1990;
Peryt & Wyrwicka, 1991, 1993; Tyson, 1995; Sinninghe
Damsté & Koster, 1998; Gustafsson et al., 2003; Liining et
al, 2004; Kuhnt et al., 2005; Wojcik-Tobol, 2006), little is
known about its record from basins with sedimentation be-
low the CCD. The record of OAE-2 from such deep-water
environment comes mainly from the trench basins located
close to the margins of the Western Tethys and the North
Atlantic DSDP/ODP sites (Sites 398, 641A; Herbin et al.,
1986, 1988; Kuhnt et al., 1990). In the Mediterranean part
of the Tethys, the Cenomanian—Turonian boundary (CTB)
deep-water organic-rich facies were recorded from the
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Fig. 1. A — Palacogeographical map of the Western Tethys across the Carpathians during the Turonian (90 Ma) (after Golonka ef al.,
2000; Golonka & Krobicki, 2001; simplified) showing the position of the studied section in the Skole Basin (Sk), and the lower
bathyal—abyssal sites (below the CCD) with organic-rich deposition in the marginal parts of the eastern North Atlantic (Sites 398 and 641)
and the Western Tethys (F — Floresta section, O — Oriolo section; Ma — Mauretanian — Massylian flysch nappes). Abbreviations of ocean
and plate names: Br — Brianconnais terrane, Ca — Calabria-Campania terrane, Cr — Czorsztyn Ridge, EA — Eastern Alps, IC — Inner
Carpathians, LC — Lesser Caucasus terrane, Mg — Magura Basin, PKB — Pieniny Klippen Belt Basin, RD — Rheno-Danubian Basin, Rh —
Rhodopes, SC — Silesian Ridge (Cordillera), Si — Sicily plate, Ssl — Silesian Basin, SSI — Subsilesian Submerged Ridge, Ta — Tarcau
Basin, VI — Valais trough. B — Outer Carpathians against the background of a simplified geological map of the Alpine orogens and their
foreland; IC — Inner Carpathians, CF — Carpathian Foredeep, PKB — Pieniny Klippen Belt. C — Skole Nappe against the background of the
eastern part of the Polish Outer Carpathians. D — Geological map of the Skole Nappe around the Grunowa — Sptawa Anticline, with posi-
tion of the studied section (after Gucik, 1987; simplified); 1 — Spas Shales (Barremian—Albian); 2 — Barnasiéwka Radiolarian Shale For-
mation (?Middle Cenomanian—lowermost Turonian); 3 — siliceous marls with shale, and sandstone intercalations (Turonian); 4 —
variegated shales from Kanasin (Turonian); 5 — marls with shale and sandstone intercalations (Turonian—-Campanian); 6 — variegated and
grey marly shales (Coniacian—Campanian); 7 — sandstones and shales with intercalations of variegated shales (undivided: Turonian—
Paleocene); 8 — variegated shales (Lower Eocene); 9 — shales and thin-bedded sandstones of Hieroglyphic beds (Lower—Middle Eocene)
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Mauretanian and Massylian nappes (Herbin et al., 1986),
the Calabrian Arch (Oriolo section; Kuhnt ef al., 1990) and
SE Sicily (Floresta section; Kuhnt et al., 1990), and also
from the Outer Carpathians (Fig. 1). K. Bak (2006, 2007a)
made detailed biostratigraphic, sedimentological and che-
mical investigations of sections from the Subsilesian and
Silesian nappes, corresponding to the deep submerdged
ridge and marginal basin, respectively.

This paper presents facies evolution and the observed
lithological, micropalaeontological (benthic foraminiferal)
and chemical changes across the CTB in the Skole Basin,
another marginal basin of the Outer Carpathians, located
northeast of the Subsilesian Submerged Ridge, close to the
southern margin of the European Platform (Fig. 1A). The
investigations are based on data from various facies,
exposed at the Splawa section, in the central part of the
Skole Nappe, Poland (Fig. 1C). The main objective of this
study is to provide a detailed microfacies and chemical re-
cord of the CTB succession to explain the changes: 1) in ox-
ygen content in the bottom water, 2) in palacoproductivity,
and 3) in sources of biogenic and terrigenous material sup-
plied to the basm floor. All these changes are correlated
with the critical 8'°C isotope excursion and biostratigraphic
data recorded from this section during earlier studies (Bak
K., 2007b).

REGIONAL SETTING

The Skole Nappe, exposed along the northern margin
of the Outer Carpathians within the Polish and Ukrainian
territories (Fig. 1B, C), comprises up to 3.8 km thick series
of Barremian—Lower Miocene flysch sediments (Poprawa
& Nemcok, 1998) deposited in an independent sedimentary
area of the Outer Carpathians (cf. Ksiazkiewicz, 1962; Osz-
czypko, 2004), the Skole Basin (Fig. 1A). The mid-Cretace-
ous sediments of the Skole Nappe are represented by silty
and clayey turbidites (the Belwin Mudstones and Spas
Shales), with sandy turbidite intercalations (the Kuzmina
Sandstones), which pass into the green radiolarian and
black shales including silicified marls (the Barnasiowka Ra-
diolarian Shale Formation; Fig. 2). The latter sediments,
which are the subject of the present study, come from the
Cenomanian—Turonian transition interval (Bak K. et al.,
2001). They are followed by the Variegated Shales and the
subsequent succession of calciturbidites and siliciclastic
turbidites (the Ropianka Formation; Kotlarczyk, 1978).

Lithostratigraphy and geological section

The Cenomanian—Turonian sediments were earlier
mapped in various zones of the Skole Nappe. These sedi-
ments occur in its northern marginal part (Zawada near
Tarnéw — Koszarski & Morgiel, 1963; Niedzwiada near
Debica — Gucwa, 1966; Szczepanowice near Wojnicz — Sla-
czka & Kaminski, 1998) and in the inner part, in both, the
Polish (Rybotycze and Sptawa localities; Kotlarczyk, 1978;
Gucik, 1987; Gucik et al., 1991) and Ukrainian Carpathians
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Fig. 2.  Lithostratigraphy of the Albian—Paleocene deposits in
the Skole Nappe, Polish Outer Carpathians (after Koszarski &
Slaczka, 1973; supplemented)

(Skole skiba and Paraszka skiba in the Stryj and Dniestr val-
leys — Sujkowski, 1932; Zhurakovsky, 1968).

The above mentioned Cenomanian—Turonian sedi-
ments of the Skole Nappe have been distinguished as infor-
mal units, under a variety of names, and in a varied lithos-
tratigraphic sense. The descriptions and correlations of the
earlier described sections have been summarized by Bak K.
et al. (2001). Following this discussion, the studied sedi-
ments are included in the Barnasiowka Radiolarian Shale
Formation (BRSF; Fig. 2), a unit which includes the Upper
Cenomanian—Lower Turonian sediments, also of the Sile-
sian and Subsilesian nappes. These sediments represent the
middle and upper parts of the formation, being underlain by
variegated non-calcareous shales. Locally, the silicified
marl series occurs within the middle part of this formation
(Fig. 2). These marls were earlier recorded from various lo-
calities of the Skole Nappe (Kotlarczyk, 1978; Gucik, 1987,
Gucik et al., 1991).

The studied section, named here as the Sptawa section,
is located in the inner part of the Skole Nappe (in Poland),
within the Grunowa — Sptawa Anticline, on both banks of
the Krzeczkowa creek, north of the Sptawa Hill, about
25 km SW of Przemysl (Fig. 1C, D). In this area, the BRSF
is represented by (Fig. 3): 1) green non-calcareous shales (a
dozen metres thick; not studied here), 2) thin-bedded
siliceous marls with intercalations of green, grey and black
shales (at least 20 m thick), 3) organic-rich series with ben-
tonites and a ferromanganese layer at the top (1.7 m thick),
4) and variegated siliceous-manganiferous shales with the
second ferromanganese layer and a thin organic-rich shale
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(0.7 m thick). The subsequent succession of Variegated
Shales, overlying the BRSF, occurs in two packages (4.0 m
and 1.2 m thick); the second one creates a thin tectonic slice

(Fig. 3).

UPPER CENOMANIAN-LOWER
TURONIAN STRATIGRAPHY

The base of the Turonian was assigned to the lowest oc-
currence (FO) of the ammonite Watinoceras devonense
Wright & Kennedy, which is close to the end of the OAE-2
(for summary — see Bengston, 1996; Gradstein et al., 2004).
Below the boundary lies the highest occurrence of the plan-
ktonic foraminifer Rotalipora. Above the boundary are the
lowest occurrences of the planktonic foraminifer Helveto-
globotruncana helvetica, and the calcareous nannoplankton
Quadrum gartneri (Gradstein et al., 2004). Among the sili-
ceous microfauna, the radiolarian species Alievum super-
bum and Crucella cachiensis are regarded as taxa that ap-
peared close to the C—T boundary (Bak M., 2000, 2004).
Unfortunately, the datum events of calcareous microfossils
can be diachronous due to ecological effects (Paul ef al.,
1999; Luciani & Cobianchi, 1999; Leckie et al., 2002; Erba,
2004; Kuhnt et al., 2005; Caron et al., 2006), and the only
tool for stratigraphy of the deep-water sections across the
CTB is a correlation with a global positive excursion in the
carbon-13 isotope. In the stratotype section at Pueblo, the
FO of W. devonense hes close to the maximum peak of 613C
that terminates the 8'°C plateau (Pratt & Threlked, 1984;
Keller et al., 2004; Tsikos et al., 2004; Sageman et al.,
2006; Caron et al., 2006).

Foraminiferal and radiolarian datum events presented
by K. Bak (2007b) from the Sptawa section show that the
calciturbidite series (perhaps except for the base of the sec-
tion) and the organic-rich facies represent the time period
after extinction of Rotalipora morphotypes (lower part of
foraminiferal Whiteinella archaeocretacea Zone; Fig. 3). In
turn, the chemostratigraphic data show that the deposition
of orgamc -rich facies began close to the beginning of the
813C rise (Fig. 3). Following the correlation of geochemical
datum lines with the CTB section in the Silesian Nappe, and
its calibration with the stratot?g)e section at Pueblo (Colo-
rado), this first initial rise in & ~C values took place ca. 430
kyr before the C-T boundary, based on the orbital time
scale of Sageman et al. (2006; for details — see Bak K.,
2007a). The end of organic-rich sedimentation corresponds
toa plateau interval (?its termination), after the second max-
imum in 8'3C values within the excursion interval (Fig. 3).
Probably, it took place close to the CTB, i.e. ca 30-50 kyr
before the boundary (Bak K., 2007b). The precipitation of
the first Fe-Mn layer and the overlying siliceous-mangani-
ferous shales terminated close to the CTB, as suggested by a
low 8'3C value of the next organic-rich shale, present di-
rectly below the second Fe Mn layer. This datum marks the
recovery interval of the 8¢ values, which began ca. 300
kyr after the CTB, taking into account the comparison with
the orbital time scale of Sageman et al. (2006). It suggests

that precipitation of the Fe-Mn layer and the 60-cm-thick si-
liceous-manganiferous shales lasted at least 330-350 kyr.
The precise age determination of the younger sediments, i.e.
the second level of the Fe-Mn sediments and the overlying
variegated shales, is impossible. This part of the section rep-
resents the ?Lower Turonian, based on the occurrence of the
benthic foraminifer Uvigerinammina jankoi and calcareous
nannoplankton species Quadrum gartneri (Gazdzicka in:
Bak K. et al., 2005). Both taxa occur in the topmost package
of the variegated shales.

MATERIAL AND METHODS

The Sptawa section is represented by 79 samples col-
lected from a nearly 15 m thick succession. Microfossils
(foraminifers and radiolarians) have been extracted from 47
samples, of 200-300 g, which were dried and dissociated by
repeated heating and drying in a sodium carbonate solution
(ten samples were barren of microfossils). Additionally, mi-
crofossil components were determined in 46 thin sections of
resistant siliceous shales and marls.

The main components from 45 samples of sediments
were determined by inductively coupled plasma—optical
emission spectrometry (ICP—-OES); trace elements, includ-
ing rare earth elements (REE), were determined by induc-
tively coupled plasma mass spectrometry using a Thermo
Instruments PQII ICP-MS at the Activation Laboratories
Ltd in Lancaster, Canada. Electron microprobe point analy-
ses of selected mineral constituents of the hemipelagic
shales were carried out using a Hitachi S-4700 SEM with a
link Noran Vantage EDS (electron beam focused on 1 pm
with 20-25 kV accelerating voltage; counts acquired for 150
seconds; the data were corrected using the ZAF/PB pro-
gramme) at the Institute of Geological Sciences, Jagiello-
nian University, Krakow.

RESULTS

Microfacies and microfossils

The studied part of the BRSF, 9.7 m thick, consists of a
succession of 1) siliceous marls (calciturbidites) with inter-
calations of hemipelagic non-calcarecous green, grey and
black shales, 2) black, green, grey and blue clayey shales
(organic-rich facies), 3) first ferromanganese layer, and 4)
green, siliceous-manganiferous shales with thin red shale
intercalations, and the second level of the Fe-Mn layer at the
top (Fig. 3). This formation is overlain by Variegated Shales
(non-calcareous, clayey at the top), with rare and thin inter-
calations of black shales. This unit occurs in two packages,
which are in tectonic contact.

Calciturbidite series

Light-green, siliceous, thin- to medium-bedded marls
and marly shales with intercalations of green, non-calca-
reous shales, and a few black, organic-rich shales represents
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Fig. 4. Microfacies of the Upper Cenomanian calciturbidite series. A — Parallel-laminated packstone passing to foraminiferal
wackstone (sample Krz-75b); B — Chondrites ichsp. traces in foraminiferal grainstone (Krz-77¢c); C, D — Foraminiferal-rich packstones
that form laminae in hard marl layer (Krz-82b); E — Planktonic foraminiferal grainstone, dominated by specimens of Hedbergella and
Globigerinelloides with admixture of quartz (q) and glauconite (gl) grains (Krz-89c); F — Sponge spicules in foraminiferal grainstone
(Krz-79b); G — Radiolarian grainstone; note the calcareous matrix of the sediment (Krz-80c)
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a lower part of the studied section, 6.5 m thick (Fig. 3). The
marls occur in layers, from 2 to 25 cm thick (46 cm on
average). Microfacies of the marls show that their bedding
is related to diagenetic changes rather than to synsedimen-
tary structures. The marls contain very thin layers (2-20
mm thick) of calciturbidites (Fig. 4A—C). Most of them are
parallel-laminated silty layers (grainstones), built of quartz,
calcite, glauconite and numerous fragmented foraminiferal
tests, and sponge spicules (Fig. 4D). They pass into calcare-
ous clays (wackstones) with fragmented foraminiferal tests,
mainly planktonic (Fig. 4E). The proportion of terrigenous
to biogenic particles changes in turbidite layers along the
section, although most (ca. 90%) of the very-fine grained
sandy and silty laminae are dominated by biogenic particles,
mainly planktonic foraminifers. The planktonic foramini-
fers are represented by small-sized forms of Hedbergella,
Globigerinelloides, Heterohelix and ?Whiteinella (Fig.
5A-D); only a few poorly-preserved “keeled” specimens of
?Praeglobotruncana, ?Rotalipora (Fig. 5E) have been rec-
ognized at the base of the section. Some layers of calcitur-
bidites are fine-grained packstones, which consist of cal-
careous grains with numerous benthic and planktonic fora-
minifers, and partly radiolarians and sponge spicules (Fig.
4F). Well-preserved benthic foraminifers belong to the
calcareous forms, dominated by specimens of gavelinelids
(Fig. 5F-)), Gyroidinoides (Fig. 5K, L), Lenticulina
(Fig.5M, N, R), ?Nodosaria (Fig. 50), and Dentalina
(Fig. 5P).

Higher up in the section, foraminiferal-spiculitic grain-
stones passing to wackstones are richer in radiolarians (Fig.
4G). These occur in separate laminae or are mixed with
sponge spicules (Fig. 5S). Radiolarians occur as moulds,
where microcrystalline quartz has replaced the opaline sil-
ica from skeletons, and CT-opal has infilled the skeletons.
The radiolarians are poorly diversified, dominated by
spherical specimens of the genus ?Holocryptocanium (Figs
4G, 5S). The sponge spicules belong to the hexactinellids
(Fig. 6B-D) and demosponges (Fig. 6A, E-M). They occur
mainly in the grainstone and packstone layers, but they are
also found in the calcareous shales. The spicules occurring
together with calcareous benthic foraminifers in the pack-
stone and grainstone layers are calcified, while those from
the shales have not been diagenetically altered. Many of the
calciturbidites include small traces of Chondrites ichnsp.
(Fig. 4B) and Thalassinoides ichnsp.

All calciturbidite layers, except for the fine-grained
sandy packstones, are strongly impregnated with recrystal-
lized silica. Foraminiferal tests are filled with microcrystal-
line quartz. The foraminifers from the marl beds in the high-
est part of this succession are additionally impregnated with
ferromanganese oxyhydroxides, which have replaced the
calcite from the test walls.

The green marly shales passing to hemipelagic non-
calcareous shales occur as very thin intercalations among
the calciturbidites. Some of them are enriched in organic
matter. The green non-calcareous shales include small
(< 0.05 mm), angular grains of detrital quartz and micas.
Deep-water agglutinated foraminifers (DWAF), including

siliceous and organic-walled forms, dominate the micro-
fauna of these hemipelagic shales. They are represented
mainly by Plectorecurvoides sp. (Fig. 7T), Recurvoides sp.
(Fig. 7U), Thalmannammina spp. (Fig. 7S, V), Glomospira
charoides (Fig. 7G), Ammodiscus cretaceus (Fig. 7F), Bul-
bobaculites problematicus (Fig. 7L), Gerochammina spp.
(Fig. 7W, Z), and Trochammina sp. (Fig. 7N, O). Addition-
ally, there have been found rare specimens of tubular forms
(Fig. 7A, B), associated with Pseudonodosinella parvula
(Fig. 7K), Hippocrepina depressa (Fig 7C), Psammo-
sphaera sp. (Fig. 7D), Caudammina ovula (7E), and Haplo-
phragmoides spp. (Fig. 7P, R).

Organic-rich facies

The calciturbidite sediments pass gradually to hemipe-
lagic organic-rich facies (6.5-7.2 m from base of the sec-
tion). This facies (7.2-8.9 m from base of the section) con-
sists of green, radiolarian-rich and organic-rich layers, a few
cm thick, with a relatively high TOC content, from 3.2% to
nearly 8% in the studied samples (Bak K., 2007b).

Poorly-preserved radiolarians (pyritized or as quartz
moulds) dominate the microfossils of this series. Of the fo-
raminifers, only poorly-preserved, small-sized DWAF have
been determined there (Fig. 3), including mainly Recurvoi-
des sp., and single specimens of Ammodiscus cretaceus,
Glomospira gordialis (Fig. TH), Glomospirella gaultina
(Fig. 71); Haplophragmoides sp., Gerochammina sp., ?Sac-
cammina sp., Trochammina sp. (Fig. 7M), and pyritized
tube-shaped forms. The abundance of benthic foraminifers
does not exceed 10 specimens per 100 g of sediment.

Some green shale layers include a small number of re-
deposited sponge spicules. This series also contains of three
0.5-12 cm bentonites. Angular grains of quartz, feldspar,
glauconite and micas, and single well-rounded grains of
quartz are subordinate components in these sediments; all
grains are less than 0.1 mm in diameter.

First ferromanganese layer

The ferromanganese layer, 1.5-3 c¢m thick, occurs 8—10
cm above the top of the organic-rich facies (Fig. 3), lying di-
rectly on the green shale, that is underlined by a thin bento-
nite. The Fe-Mn layer is made of concentrically zoned mi-
crospherules and pseudomorphs after rhombohedric crys-
tals of carbonates, occurring within a matrix of collomor-
phic silica, microcrystalline quartz, clay minerals, and terri-
genous muscovite (Bak K. 2007b). The microspherules and
pseudomorphs are made of collomorphic and microcrystal-
line barium manganese oxides, and ferromanganese oxy-
hydroxides. The internal structure and composition of the
Fe-Mn layer is similar to the Fe-Mn horizon in the Subsile-
sian and Silesian nappes, lying in the same stratigraphic po-
sition (Bak K., 2006, 2007a, b).

Siliceous-manganiferous shales with the second Fe-Mn
layer

The siliceous-manganiferous shales, 70 cm thick, con-
sist of green, radiolarian-rich non-calcareous shales with in-
tercalations of red shales. They contain Fe-Mn oxide-hydro-
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Fig. 5.

xides, filling up cracks, and occurring as encrustations (Fig.
8K-M). The first red shale laminae (enriched in radiolari-
ans), 1-2 mm thick, appear 5 cm above the Fe-Mn layer. A
green shale layer which divides these red laminae contains
numerous small-sized, conical-shaped agglutinated fora-
minifers belonging to Gaudryina sp. or Uvigerinammina
sp., and also to ?Ammodiscus sp. The overlying sediments
are completely devoid of foraminifers. DWAF assemblages

Planktonic and benthic foraminifers (A—P) from the Upper Cenomanian calciturbidite series: A — Heterohelix sp. (sample
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 calcareous grains (Krz-80c); S —
Radiolarians and sponge spicules in calcareous matrix (Krz-80c). Length of scale bar — 100 um

do not occur earlier up-section than the second package of
non-calcareous variegated shales (Fig. 3).

Radiolarians, as the only biotic component occurring in
the remaining part of the siliceous-manganiferous shales
(Fig. 8C-J), create 1-3 mm thick laminae which are hemi-
pelagic deposits (Fig. 8A); some of these laminae could be
reworked sediment, as is shown by densely-packed skele-
tons of similar dimensions (Fig. 8B, K).
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Fig. 6.

The second level of the Fe-Mn layer with macronod-
ules, underlain directly by a thin layer of green and black,
organic-rich shale, occurs in the uppermost part of this suc-
cession (Fig. 3). Both layers lie in the same stratigraphic po-
sition as similar sediments in the CTB sections from the
Silesian and Subsilesian nappes (Outer Carpathians). The
chemical and mineralogical compositions, and the internal
structures of the Fe-Mn layer is similar to the corresponding
sediment from the Silesian Nappe (Bak K., 2006, 2007a, b).

Variegated non-calcareous shales

The Variegated Shales are dominated by green non-
calcareous shales with intercalations of red shale layers,
0.5-2 cm thick, and very thin laminae (< 0.5 mm) of silt-
sized quartz, micas and sponge spicules. These sediments
are tectonically sheared, occurring in two packages, 4.0 m
and 1.2 m thick, respectively (Fig. 3). The lower package in-
cludes two thin layers of black, organic-rich shale with high
TOC values (up to nearly 18%; Bak K., 2007b), separated
by a layer of grey clayey shale (?bentonite). Some green and
red shale layers are enriched in Fe-Mn oxy-hydroxides,
present as encrustations or filling-cracks (Fig. 9).

Redeposited sponge spicules from shale parts of the Upper Cenomanian calciturbidites: A — Oxea (demosponge spicule; sample
Krz-77); B — Partly broken massive dermal pentactine (hexactinellid spicule; Krz-76); C — Massive hexactine (hexactinellid spicule;
Krz-76); D — Part of choanosomal skeleton (hexactinellid skeleton; Krz-82); E — Calthrop (demosponge spicule; Krz-78); F-H —
Criccalthrop (demosponge spicule; F — Krz-81; G — Krz-75; H — Krz-76); I — Dermal 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 um

Microfossils (radiolarians and foraminifers) are more
common in this series than in the underlying sediments. The
radiolarian assemblages here are more diversified. They in-
clude stratigraphically important species such as Patellula
andrusovi (Bak M. et al., 2005), which appears in Carpa-
thian sequences above the organic-rich sediments (Bak M.,
2004). The first package of variegated shales, directly over-
lying the BRSF (9.7-13.7 from the base of the section), is
devoid of any foraminifers and trace fossils. Poorly- to
moderately-diversified DWAF assemblages occur in the
second package of variegated shales, which is in tectonic
contact with the underlying sediments. These assemblages
consist of forms typical of sediments underlying the
organic-rich series, like Recurvoides sp. (Fig. 10A, B),
?Thalmannammina sp. (Fig. 10C), Trochammina sp. (Fig.
10D, E), Glomospira glomerata (Fig. 10G), and addition-
ally they include numerous infaunal forms belonging to
Gerochammina spp. (Fig. 10F), Bulbobaculites problemati-
cus, Ammobaculites sp. (Fig. 10H), Uvigerinammina prae-
Jjankoi Neagu (Fig. 10I), and U. jankoi Majzon (Fig. 10J).



SEM micrographs of the most common deep-water agglutinated foraminifers from the Upper Cenomanian hemipelagic shales:
A — Rhabdammina sp. (sample Krz-89); B — Hyperammina sp. (Krz-89); C — Hippocrepina depressa Vasicek (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
(Hanzlikova) (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 um
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Fig. 8. A, B—Radiolarian-rich laminae within the lowermost Turonian green, siliceous-manganiferous shales (Krz-106d). C—J — Most
frequent morphotypes of radiolarians (Krz-106d). K-M — Two radiolarian-rich laminae, consisting of skeletons entirely (L) and partly
(M) filled with Fe-Mn oxide-hydroxides (Krz-106b); both laminae are separated by a thin Fe-Mn crust (M — radiolarian moulds from the
upper laminae). Length of scale bar for C—J — 100 pm
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Fig.9. A-D — Ferromanganese encrustations in Early Turonian variegated shales with contents of main elements (EDS analyses); R —
radiolarian mould; 1—4: microprobe point analyses

Fig. 10. Most frequent Early Turonian deep-water agglutinated foraminifers from variegated non-calcareous shales: A, B — Recurvoides
sp.; C — ?Thalmannammina sp.; D, E — Trochammina sp. (A—E — thin section of sample Krz-61); F — Gerochammina lenis (Grzybowski)
(Krz-60); G — Glomospira glomerata (Grzybowski) (Krz-61); H —Ammobaculites sp. (Krz-61); 1 — Uvigerinammina praejankoi Neagu
(Krz-60); J — Uvigerinammina jankoi Majzon (Krz-60). Length of scale bar — 100 um

Bulk sediment geochemistry one from the first Fe-Mn layer, and sixteen from the non-
calcareous variegated shales were analyzed.
Geochemical indicators from the Sptawa section were
used to interpret changes around the Cenomanian—Turonian  Indicators of detrital flux variations
boundary in detrital flux variations, oxygen content in bot- Plots of Al,O3 vs. TiOz and Al,O3 vs. SiO, together
tom waters, and primary productivity. Thirteen samples  with the Rb/Al, Ti/Al and Al/(Al+Fe+Mn) ratios have been
from the marly shales, fifteen from the organic-rich series, = made to determine detrital input to the seafloor.
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Variation diagrams based on whole-rock data (A—C). In the SiO7 vs. Al2O3 (B), the samples plot along two correlation lines. In

the Al/(Al+Fe+Mn) vs. Mn/Ti plot (C), samples with Mn content exceeding 0.1% were plotted

AlyO3 and TiO; correlate well in most samples (Fig.
11A), which suggests their terrigenous origin. However,
two different correlation lines are evident for the samples
from the marl and organic-rich series, and for the Fe-Mn
layer and overlying sediments. The latter sediments display
the lowest contents of both AlO3 and TiO».

Two distinct correlation lines can be also observed in a
scatterplot of AlO3 and SiO; (Fig. 11B). The first one can
be related to the terrigenous origin of components in the
Upper Cenomanian sediments below the first horizon of the
Fe-Mn layer. The second one, expressed by a negative
trend, characterizes the sediments above the Fe-Mn layer.
This correlation may be explained by the biogenic origin of
Si0; diluted by terrigenous particles. Biogenic silica origi-
nated from radiolarians as is shown by studies of the
microfacies.

Another indicator of detrital input to the basin floor is
the Al/(Al+Fe+Mn) ratio (Machhlour ez al., 1994). Its value
decreases up section (Fig. 12), from a mean value of 0.63 in
the marly shales, through 0.59 in the organic-rich series, to
0.52 in the variegated shales, suggesting a decrease in
terrigenous supply to the sediment. It reaches the absolute
minimum (0.11) in the first horizon of the Fe-Mn layer. In
the organic-rich series, green shales display higher values of
this ratio than those in the intercalated black shales, indicat-

ing a periodically enhanced rate of terrigenous supply
during deposition time.

A decreasing trend is evident in the Ti/Al profile, re-
garded as a proxy for aeolian input (e.g., Wehausen &
Brumsack, 1998). This trend, expressed by mean values, is
present from the base of the section through the organic-rich
succession (Fig. 12), but higher up the Ti/Al values rise
again in the package of siliceous-manganiferous shales,
which overlie the Fe-Mn layer, and decrease in the overly-
ing variegated shales. The highest values of Ti/Al in the sili-
ceous-manganiferous shales are not linked with the increase
of Ti, as the values are even lower than in the neighbouring
sediments, but they are related to significantly lower values
of AL

There are no distinct changes in the mean values of the
Rb/Al ratio (Fig. 12), which is interpreted as an indicator of
fluvial, fine detritus input (e.g., Wehausen & Brumsack,
1998), except for the green shales directly overlying the
Fe-Mn layer. The maximum in the latter sediment is of the
same origin as that mentioned above in the Ti/Al ratio.

The Rb/Al and Ti/Al ratios in the green shales from the
organic-rich facies display higher values than in the interca-
lated black shales, that is suggestive of times of strength-
ened terrigenous supply to the basin floor, similarly as for
the Al/(Al+Fe+Mn) ratio discussed above.
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Fig. 12. Distribution of values of Al/(Al+Fe+Mn), Ti/Al and Rb/Al in the Sptawa section. For explanations of stratigraphical log — see
Fig. 3. Dashed lines correspond to the organic-rich Bonarelli-equivalent series

Indicators of redox conditions

Redox conditions are evaluated from the U/Th,
V/(V+Ni), and As/Al ratios. Their positive excursions are
indicative of decreasing amounts of oxygen in bottom wa-
ters (e.g., Jones & Manning, 1994; McManus et al., 1998;
Hatch & Leventhal, 1992; Minami & Kato, 1997).

The U/Th ratio shows an elevated profile within the or-
ganic-rich facies (Fig. 13) and small fluctuations within the

underlying shales of the calciturbidite succession, with
maxima in the black shales. This suggests relatively lower
oxygen levels during the deposition of the black shales,
both within the middle and lower segments of the section.
Most values of the V/(V+Ni) ratio in the organic-rich
facies and underlying hemipelagic shales within the marl
series fall between 0.54 and 0.80 (Fig. 13), the range that
was proposed as indicative of anoxic conditions (Hatch &
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Fig. 13. Distribution of values of total organic carbon (TOC; after Bak K., 2007b), U/Th, V/(V+Ni), (As/Al)x104, (Ba/Al)xlO4 and
Ba/Sc in the Sptawa section. For explanations of stratigraphical log — see Fig. 3. Horizontal dashed lines correspond to the organic-rich fa-
cies (Bonarelli-equivalent horizon). 1* — Average shale (Wedepohl, 1971, 1991); 2* — CTBE black shales (Arthur e al., 1990; Warning &

Brumsack, 2000)

Leventhal, 1992). Some values exceed 0.80, suggesting
even euxinic conditions. In contrast, most of the green and
variegated shales overlying the first Fe-Mn layer show val-
ues close to 0.54 or lower, suggestive of dysoxic to oxic
conditions at the seafloor.

Profiles of As/Al correlate well with those of U/Th and
V/(V+Ni) (Fig. 13). Arsenic concentrations are elevated in
the black shales, both in the lower and middle parts of the
section. On the other hand, extremely low values are typical
of the sediments overlying the first Fe-Mn layer. The simi-



54 K. BAK

larity of the As/Al, U/Th and V/(V+Ni) plot patterns are re-
lated to similar levels of concentration of organic matter.
Under suboxic conditions, arsenic might occur as As»S3 and
As3Ss, associated with Fe sulfides (Farmer & Lovell, 1986;
Minami & Kato, 1997). An enhanced content of As in the
Fe-Mn layer is related to its diagenetic recycling. The As
enrichment is probably associated with Fe in the form of ar-
senate absorbed on Fe oxides and hydroxides or as precipi-
tated FeAsOg4 (e.g., Ferguson & Gavis, 1972). A high con-
tent of As/Al in the marly shale layer (Krz-81) in the lower
part of the section is an effect of extremely low content of
Al rather than the high content of As.

Indicators of productivity

Changes in the Ba/Al and Ba/Sc ratios are here used to
interpret palacoproductivity variations. Nevertheless, it
should be stressed that solid-phase barium records could be
unreliable as quantitative indicators for the history of ocean
productivity in environments that have undergone suboxic
diagenesis (Dehairs et al., 1980; Dymond et al., 1992;
Schroeder er al., 1997; Wehausen & Brumsack, 1998).
Consequently, this analysis should be made only in con-
junction with an analysis of redox conditions at the sea floor
(McManus et al., 1998).

A study of the Ba content shows that its fluxes are dom-
inated by biogenic sources, but other sources, such as detri-
tal aluminosilicates and hydrothermal precipitates may also
contribute to the Ba preserved in deep-sea sediments (e.g.,
Dymond ef al., 1992). Additional problems in applying Ba
as a palaeoproductivity proxy are due to processes control-
ling Ba preservation (Van Os et al., 1991; McManus et al.,
1998). Its content might be reduced in low-oxygen condi-
tions in bottom waters; a high rate of sulphate reduction also
influences the preservation of Ba (Schenau ef al., 2001).

Although it is impossible to accurately estimate here the
contribution of aluminosilicate particles to the Ba content, a
normative analysis of the bulk sediment chemical composi-
tions (Ba/Al ratio) may roughly delineate their significance.
An additional indicator of palaeoproductivity could be the
Ba/Sc ratio, as shown by Dickens and Owen (1996) on the
basis of an assumption that Sc is predominantly hosted in
aluminosilicates and Ba comes from abundant barite
particles.

The negative correlation between the redox chemical
indicators and the Ba/Al ratios for the organic-rich facies
and black sediments in the underlying marl series precludes
interpretation of productivity values for these sediments.
Consequently, the only comparison could be made for the
green marly shales of the calciturbidite series and the
non-calcareous variegated shales above the first Fe-Mn
layer. The data plot in Fig. 13 show a distinct increase in
Ba/Al and Ba/Sc ratios in the variegated shales. Surpris-
ingly, high Ba/Al and Ba/Sc ratios, associated with barium
manganese oxides, occur in the first Fe-Mn layer above the
organic-rich sediments. High values of Ba/Al and Ba/Sc ra-
tios characterize also one of the red shale layers within the
variegated shales (sample Krz-107; Fig. 13). They coincide
with low values of terrigenous supply indices, suggesting a

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

Manganese enrichments

Besides the two horizons of the Fe-Mn layer, enrich-
ments in Mn oxide-hydroxides were also found in the un-
derlying calcareous shale in the calciturbidite succession
(up to 0.55%), and in the overlying non-calcareous varie-
gated shales (up to 1.5%; Fig. 12). The Fe-Mn oxide-hy-
droxide enrichments occur mainly as diagenetic infillings of
cracks and micro-encrustations.

To express the proportion of terrigenous versus hydro-
thermal contributions to these Fe-Mn sediments, the Mn/Ti
vs. A/(Al+Fe+Mn) diagram has been used (Rantisch ef al.,
2003). The ratio of Al/(Al+Fe+Mn) is an indicator for clas-
tic contribution to metalliferous sediments. The presented
data (Tab. 1) plot on the domain indicating the predomi-
nance of a terrigenous component (Fig. 11), characterized
by a chemical composition similar to average continental
crust (Rantisch et al., 2003).

DISCUSSION

Late Cenomanian calciturbidite sedimentation

The source of biogenic material in the calciturbidites
was the shelf of the marginal part of the West European
Platform. The transport direction (from north) is here pro-
posed on the basis of facies analyses of the underlying sedi-
ments (Ksiazkiewicz, 1962), because no flute casts were
found in the turbidite beds in the studied series. The micro-
facies suggest low density gravity flows. The dominance of
parallel lamination and extremely rare cross-lamination in-
dicate their low velocities.

Neritic—upper bathyal depths are suggested for the en-
vironment from which the biogenic material was redepos-
ited, on the basis of calcareous benthic foraminifers from
the packstone and grainstone laminae. The benthic assem-
blages are dominated by small gavelinellids and the genus
Gyroidinoides, accompaning Lenticulina, Dentalina, and
Nodosaria. Such assemblages resemble those from outer
distal ramp facies and their transition to upper slope facies,
as described from the Cenomanian deposits of the Basque—
Cantabrian Basin, at the northern continental margin of Ibe-
ria (Gréfe, 2005). Similar assemblages of the same age, with
numerous gavelinellids are known from epicontinental seas
in the southern part of the West European Platform, both
from the carbonate (Polish Lowlands: Gawor-Biedowa,
1972; Heller, 1975; Peryt, 1983) and siltstone facies (Bohe-
mian Cretaceous Basin: Hradecka, 1993; Hradecka &
Svabenicka, 1995). They were also noted in marls from the
NW-European continental shelves (e.g., Hart & Swiecicki,
1988). The neritic—upper bathyal depths could be confirmed
by the relatively numerous occurrences 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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Table 1

Major element and trace element chemistry for the Upper Cenomanian—Lower Turonian sediments recovered

from the Sptawa section of the Skole Nappe, Outer Carpathians

Sanmople 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 4.07 333
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.lL
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 2.57 221 1.25 2.11 2.59 2.62 2.77 34 3.09
Hf ppm 2 3 4 3 2 5 2 4 <dl 3 2 2
K % 1.53 1.57 1.76 1.76 2.07 0.29 1.17 1.69 1.49 1.91 2.16 241
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.lL 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 22 4.7 2.7
\Y 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 27.5 329 32.1 26.1 229 24.4 233 28.2 30.2 33.8 243
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 35 5.7 43 5.8 39
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.lL
Yb ppm 2.2 23 23 23 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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Table 1 continued
Sar‘f;ple Krz-87 Krz-90 Krz-91 | Krz-106¢ | Krz-106d | Krz-106e | Krz-107 | Krz-108 | Krz-109 | Krz-110 | Kirz-67

Ag | ppm 0.5 <dl. <dl. <dl. <dl. <dl <dl <dl <dl. 0.3 0.3
Al % 331 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 12 1.7 14 3 2.1 4.7 24 1.4
Au ppb 2 10 <d.l. <d.l. <d.L <dlL <dlL <dlL 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. <dll.
Br ppm <d.l. <d.l. <d.l. <dl. <d.l. <d.l. <d.l. <d.l. <d.l. <d.l. <dll.
Ca % 4.15 091 0.88 0.81 0.39 0.55 0.7 0.73 0.8 0.76 0.62
cd ppm 1 04 0.4 0.5 <dl. <. 04 <dl. 04 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 % 527 37 3.57 4.18 331 2.86 1.75 2.53 1.61 2.88 521
Hf ppm 3 2 3 2 <dl. 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 <dl. 4 <dl. <dl. <dlL <dl <dl <dl <dl. <dl. <dl.
Na % 0.17 0.18 0.17 0.21 0.13 0.17 0.19 02 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 <dl. 60 70 62 101 89 110 90

S ppm 80 5780 100 <dl. 10 20 40 50 70 20 20
Sb ppm 04 1.6 1 0.6 0.5 0.4 0.6 0.7 0.6 0.5 0.4
Sc ppm 12 133 13.9 12 6 9 10.2 10.8 11.1 19 10
Se ppm <d.l. <d.l. <d.l. <d.l. <dlL <dlL <dlL <dlL <d.l. <d.l. <d.l.
Sn ppm <d.l. <dl. <dl. <dl. <dlL <dlL <dl <dlL <d.l. <dl. <dl.
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 11.5 112 10.5 7.7 53 73 8.7 94 8.9 8.9 82
Ti % 031 031 0.27 0.21 0.11 0.16 0.19 0.24 023 027 021
U ppm 2.3 4 48 1 0.8 1 1.1 1.8 44 1.4 1

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

W ppm 2 <d.l. <d.l. <d.l. <dll. 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 316 344 362 412 16.1 227 29.9 2738 386 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 54 47 7.7 29 45 5.1 38 7 48 3.5
Eu ppm 12 1 2.1 1.6 0.6 0.9 1.3 1 1.8 1 0.6
Tb ppm <dl. <dl. <dl. <dl. <dl <dl <dl <dl 1 <dl. <dl.
Yb | ppm 23 22 22 3.9 1.7 22 0 0 1 2.4 1.8
Lu ppm 04 0.37 0.38 0.52 0.28 0.33 0.33 0.41 0.44 0.37 03
Ce/La 1.9 24 23 2.5 2.5 2.5 2.5 22 24 23 24
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Table 1 continued

Sar‘lzpe Krz-68-01 | Krz-68-02 | Krz-70-01 | Krz-70-02 | Krz-71-01 | Kiz-71-02 | Kiz-72 | Kiz-106¢ | Krz-106d | Krz-106e | Kirz-107
Ag | ppm <dl <dlL <dl <dlL <dl. <dl. <dl. <dl. <dl. <dl. <dl.
Al % 343 348 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. 24 6.3 12 1.7 14 3
Au ppb <dlL <dlL <dlL <dlL <dlL <dl. <d.. <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 <dl. 2 0 <dl. 2
Bi ppm <d.l. <d.l. 3 <d.l. <d.l. <dll. 5 <dll. <d.l. <dll. <dll.
Br ppm <d.l. <d.l. <d.l. <d.l. <d.l. <dll. <dll. <dll. <dl. <dll. <dll.
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 <dl. 04 <dl. 0.5 0.5 0.7 1 0.5 <dl. <dl. 04
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 57 4.18 331 2.86 175
Hf ppm 2 2 4 2 3 2 2 2 <dl. 2 2
K % 1.63 1.84 1.87 1.99 1.91 223 1.91 1.5 1.17 1.35 1.42
Mg % 1.04 1.14 111 115 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 <dl <dl <dl 2 <dlL 2 2 <dlL <dl. <dl. <dl.
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 <dl. 60 70 62
S ppm 70 50 70 60 80 70 50 <dl. 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 <dl <dlL <dlL <dlL <dlL <dlL <d.L. <d.. <d.l. <d.l. <d.l.
Sn ppm <dl <dl <dl <dl <dlL <dlL <dl <dl. <dl. <dl. <dl.
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.I. <d.I. <d.I. <d.I
Th ppm 7.7 8.2 9.2 9.6 9.2 8.4 7.6 7.7 53 73 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 12 0.8 1 0.8 1 1.1
% ppm 59 60 190 87 85 89 76 84 38 52 66
W ppm <d.l. 6 <d.l. <d.l. <d.l. <dll. <dll. <d.l. <d.l. 2 <d.l.
Y ppm 26 25 28 2 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 294 32.8 364 332 342 324 332 412 16.1 227 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 54 6.5 53 6.1 5.8 7.1 7.7 29 45 5.1
Eu ppm 1.4 1.4 1.7 13 1.6 1.4 1.9 1.6 0.6 0.9 1.3
Tb ppm 0.9 <dl <dl <dl <dl <dlL. <dl. <dl. <dl. <dl. <dl.
Yb | ppm 2 22 22 22 24 22 3.4 3.9 1.7 22 0
Lu ppm 03 0.38 0.38 0.35 0.43 0.43 0.55 0.52 0.28 0.33 033
Ce/La 23 23 24 2.5 2.5 24 3 2.5 2.5 2.5 2.5
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Table 1 continued
S"‘L‘Lple Kiz-108 | Krz-109 | Krz-110 | Krz-67 | Krz-68-01 | Krz-68-02 | Krz-70-01 | Krz-70-02 | Kiz-71-01 | Krz-71-02 | Krz-72

Ag | ppm <dl <dlL 0.3 0.3 <dl. <dl. <dl. <dl. <dl. <dl. <dl.
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 24 1.4 <d.l. 27 1.8 <dll. <dll. 24 63
Au ppb <dlL 5 <dlL <dlL <dlL <dl. <d.. <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 <dl. <d.l. <d.l. <d.l. <d.l. <dll. 3 <dll. <dll. <dll. 5
Br ppm <d.l. <d.l. <d.l. <d.l. <d.l. <dll. <dll. <dll. <dl. <dll. <dll.
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 <dl. 04 0.6 05 <dl. 0.4 <dl. 0.5 0.5 0.7 1
Co ppm 15 17 2 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 2.88 521 2.09 3.87 2.03 3.88 2.13 3.68 57
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 1.91 223 1.91
Mg % 115 115 1.04 0.76 1.04 1.14 111 1.15 1.14 131 0.97
Mn | ppm 847 3095 3782 1062 5644 9858 286 15159 4544 8745 10649
Mo | ppm <dl <dl <dl <dl <dlL <dlL <dlL 2 <dl. 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 10.9 112 10.9 103 10.8 12
Se ppm <dl <dlL <dlL <dlL <dlL <dlL <d.L. <d.. <d.l. <d.l. <d.l.
Sn ppm <dl <dl <dl <dl <dlL <dlL <dl <dl. <dl. <dl. <dl.
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 0.25 021
U ppm 1.8 44 1.4 1 1 1 2 1.1 1.1 12 0.8
% ppm 97 119 94 72 59 60 190 87 85 89 76

W ppm <d.l. <d.l. <d.l. 2 <d.l. 6 <dll. <d.l. <d.l. <d.l. <d.l.
Y ppm 18 34 19 15 26 25 28 2 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 278 38.6 26.5 19.4 294 328 364 332 342 324 332
Ce ppm 60 92 61 46 67 76 89 82 86 77 100
Nd | ppm 23 31 20 15 25 29 38 2 30 30 31
Sm | ppm 38 7 48 3.5 5 5.4 6.5 53 6.1 5.8 7.1
Eu ppm 1 1.8 1 0.6 1.4 1.4 1.7 1.3 1.6 14 1.9
Tb ppm <dl 1 <dl <dl 0.9 <dlL. <dl. <dl. <dl. <dl. <dl.
Yb | ppm 0 1 24 1.8 2 22 22 22 24 22 34
Lu ppm 0.41 0.44 0.37 03 0.3 0.38 0.38 0.35 0.43 0.43 0.55
Ce/La 22 24 23 24 23 23 24 2.5 2.5 24 3
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Oxygenation of bottom-water fluctuated during the de-
position of the calciturbidite succession. Frequent periods
with dysoxic conditions are marked by numerous dark-grey
layers, low-diversity of DWAF assemblages, Chondrites
traces in the green layers, and the high values of chemical
redox indexes of dark-grey sediments. A few black non-cal-
careous shale intercalations indicate anoxic or even euxinic
conditions at the basin floor, on the basis of chemical in-
dexes (Fig. 13) and the lack of benthic foraminifers.

The calciturbidite succession occurring in the studied
section below the organic-rich facies is not unique in the
Upper Cenomanian of the Outer Carpathians. Similar sedi-
ments, distinguished as the Mikuszowice Cherts (Burta-
néwna, 1933) lie in the same stratigraphic position (the
Middle-Late Cenomanian: Bak M. et al., 2005) in the west,
in other marginal basin of the Outer Carpathians, the Sile-
sian Basin. These are spicule-rich turbidites including ad-
mixture of numerous radiolarian and calcareous benthic and
planktonic foraminiferal particles. This biogenic material
together with siliciclastic grains was supplied also from the
margin of the West European Platform.

In both basins located along the northern margin of the
Northern Tethys, turbidites with dominant biogenic mate-
rial were replaced by organic-rich sediments during the
same time, i.e. during the latest Cenomanian (Bak K. ef al.,
2001; Bak M. et al., 2005). It seems that their gradual disap-
pearance was related to rising sea-level and to expansion of
the oxygen minimum zone. The first factor, the ongoing
eustatic sea-level rise (e.g., Jacquin & de Graciansky,
1998), limited the amount of continental silty and sandy de-
tritus by flooding of continental shelves, while the second
one, significantly restricted the development of macro- and
microfauna at both the sea bottom and the surface.

Latest Cenomanian organic-rich sedimentation

The stratigraphic position of the organic-rich facies of
the studied section (lower and middle parts of the carbon
isotope excursion) shows that these sediments are the equiv-
alent of the “Bonarelli level”, recorded from deep-water
carbonate facies in the Western Tethys (e.g., Arthur &
Premoli Silva, 1982; Luciani & Cobianchi, 1999; Scopelliti
et al., 2004). The benthos-free, black shales, with TOC con-
tents between 3 and 8% (Bak K., 2007b), indicate anoxic or
even euxinic conditions at the sea floor. Bottom-water an-
oxia is confirmed by positive excursions of chemical redox
indices such as the U/Th, V/(V+Ni), and As/Al ratios,
which have their maxima in the black shales (Fig. 13). Or-
ganic matter originated both from, terrestrial and marine
sources (Bak K., 2007b). One of the sources of the latter
type of organic matter could be algae, what is inferred on
the basis of the high values of the As/Al ratio in the black
shale layer containing mainly marine organic matter (s.
Krz-98; Fig. 13). Arsenic as a biophile element, absorbed by
planktonic organisms (mainly by algae) in surface water
(Francesconi & Edmonds, 1998) is scavenged from seawa-
ter to sediment by organic carbon matter fraction, in a man-
ner similar to the behavior of Se, Sb, Ag, Zn and Br (Masu-

zawa, 1989). Besides algae, the marine organic matter en-
richment is linked to the abundance of radiolarians; this may
reflect enhanced productivity during the upwelling-con-
trolled intervals.

Periods of bottom anoxia were interrupted by intervals
with turbidite sedimentation. An increase in fine detrital in-
put to the basin floor is marked by positive excursions of
Al/(Al+Fe+Mn) and Rb/Al profiles. The latter are represen-
tative of dominant fluvial input, what may suggest that
riverine discharge was a major source of fine detritus during
the deposition of the green shales. The acolian contribution
in detrital input was negligible, as expressed by the Ti/Al ra-
tio which is the lowest in comparison to the underlying and
overlying sediments, probably reflecting the maximum of
the worldwide transgression. The sedimentation of green
shales occurred under dysoxic conditions, as testified by the
chemical redox indices. Poorly-diversified DWAF assem-
blages in the green shales (Fig. 3), represented by the
“Biofacies B” of Kuhnt and Kaminski (1989) confirm the
oxygen-depleted conditions at the basin floor.

Reoxygenation of bottom water close
to the C-T boundary

The precipitation of two horizons of the Fe-Mn layer
overlying the organic-rich facies was related to changes in
bottom water dynamics across the C—T boundary, as sug-
gested by their mineralogical, chemical, and microfacies
studies (Bak K., 2007b). Both layers originated as rhodo-
chrosite-rich sediment, formed under anoxic pore and/or
bottom water that could be episodically oxydized by recur-
rent inflows of warm, oxygenated water transported by bot-
tom currents (for details — see Bak K., 2006). Most proba-
bly, during an increase in deep-water circulation, which
caused the long-termed intervals with well-oxygenated bot-
tom and pore-water in the topmost part of the sediments, the
rhodochrosite-rich layer, including also numerous barite
crystals, was diagenetically transformed into barium-man-
ganese oxides. The palacontological data, such as the nu-
merous occurrence of a small-sized infaunal DWAF assem-
blage in the variegated shale directly overlying the Fe-Mn
layer, which is simultaneously the first appearance of ben-
thic foraminifers above the organic-rich facies, may support
such a suggestion (Bak K., 2007b).

The siliceous-manganiferous shale series between the
two horizons of the Fe-Mn layer includes a few levels of
very thin Fe-Mn crusts, which may correspond to periods of
extremely low sedimentation rate or even hiatuses. Chemi-
cal indicators of detrital input to the basin floor, such as the
Al/(Al+Fe+Mn) ratio (Machhlour et al., 1994) have the
lowest mean value in this series, demonstrating the lowest
terrigenous supply to the basin floor within the whole stud-
ied section. The lowest content of Al>O3 in these sediments
(Fig. 11A) supports this interpretation. All these features
demonstrate that the siliceous-manganiferous shale series
could correspond to period of high stand of sea level during
the worldwide transgression, which prevented siliciclastic
supply to the basin floor.
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The oxygenation of the bottom- and pore-waters during
Early Turonian times is also confirmed by the chemical re-
dox indicators, such as U/Th, V/(V+Ni), and As/Al ratios
that display a decreasing trend for the variegated sediments.
In fact, the redox conditions have varied with time, as is
shown by the redox indices for the green and red shales, re-
spectively. Thin red shale layers in this series display the
lowest values of the redox indices, suggestive of better oxy-
genation. Nevertheless, the whole series, except for the thin
sediment directly overlying the Fe-Mn layer, is devoid of
benthic microfossils and bioturbation, which seems to indi-
cate stressed conditions at the basin floor. The values of the
V/(V+Ni) ratio, especially in the green shales, suggest even
dysoxia, taking into account the limit values proposed for
such conditions by Hatch and Leventhal (1992). It is here
hypothesized that the low oxygen content at the basin floor
could be related to high temperatures of bottom waters, sug-
gested for this period by Norris and Wilson (1998),
Gustafsson et al. (2003), and Voigt et al. (2003). The slug-
gish bottom water circulation during the deposition of the
organic-rich series, was certainly enhanced later, but there
were pulses of high-velocity bottom currents which in-
creased oxygen content at the basin floor, after which fol-
lowed permanent and full oxygenation of bottom waters.
Low values of the Ce/La ratio (2.1-2.5; Table 1) calculated
for the sediments above the organic-rich facies, which are a
proxy for the oxygen content in the water masses (Glasby et
al., 1997; Kunzendorf et al., 1993; Kasten et al., 1998), sup-
port this interpretation. The strongest and long-termed oxy-
genation of bottom water took place only at the beginning of
the bottom water reorganisation, probably responsible for
the diagenetic transformations of the first horizon of the
Fe-Mn layer. It is here also confirmed by the occurrence of a
10-cm-thick succession of red shales, whose base is 30 cm
above this Fe-Mn layer. Higher up, only very thin (a few
mm thick) and dispersed red shale layers occur, demonstrat-
ing only short-termed impulses of bottom currents, trans-
porting better oxygenated water masses. In contrast, slug-
gish circulation, associated with enhanced primary produc-
tivity caused the occurrence of even periodic anoxia, which
resulted in deposition of two dark-laminated black shales,
strongly enriched in marine organic matter. The high con-
tent of TOC in these shales can be here also attributed to the
extremely low clastic supply caused by the high sea level
stand. The well-oxygenated conditions at the basin floor,
demonstrated by diversified foraminiferal agglutinated as-
semblages, appeared within the Quadrum gartneri calcare-
ous nannoplankton Zone, corresponding to the Lower Turo-
nian. The DWAF includes numerous infaunal morphotypes
belonging to the Uvigerinammina jankoi assemblage, typi-
cal of Turonian—Lower Campanian red and variegated
facies from the Western Tethyan abyssal and bathyal envi-
ronments, formed in well-oxygenated conditions at basin
floor (e.g., Kuhnt ef al., 1992; Bak, K., 2000).

Changes in primary productivity
during the C-T boundary interval

The presence of numerous radiolarian-rich layers above
the organic-rich series may be interpreted as the record of a
relatively high level of primary productivity in the Skole
Basin, gently increasing up-section in comparison to the
Late Cenomanian series. The radiolarian assemblages from
the variegated shales consist mainly of small specimens of
the genus Holocryptocanium, which probably could be re-
garded as an opportunistic form, related to the upwelling ar-
eas. A dominance of this genus was also observed in the or-
ganic-rich sequence and in the underlying hemipelagic
shales within the calciturbidite succession. Accordingly, the
numerous radiolarian-rich layers present in the whole stud-
ied section may reflect seasonal? upwelling circulation at
the margin of the Carpathian Basin, suggested also by the
data from the Subsilesian and Silesian nappes (Bak K.,
2006, 2007a).

Some chemical signals, like the content of silica and
sedimentary barium, confirm the increase of primary pro-
ductivity after the deposition of the organic-rich facies.
However, the preservation and diagenetic remobilization of
primary opaline and barium could restrict their application
as a proxy for surface water productivity (e.g., Von Brey-
mann et al., 1990; Dymond et al., 1992; Tribovillard et al.,
1996).

The negative correlation between Al,O3 and SiO» (Fig.
11B) for sediments overlying the first Fe-Mn layer may be
explained by predominance of biogenic silica, diluted by
terrigenous particles. In this sense, the high content of silica
in the variegated shales, in comparison with the underlying
series, may demonstrate a relative increase in productivity
in latest Cenomanian—earliest Turonian times. However, the
above mentioned trend could be also caused (at least par-
tially) by decreasing terrigenous supply to the basin floor
during the maximum of the worldwide transgression.

More questions concern the use of barium as a proxy
for surface primary productivity, especially if the changes in
Ba content are interpreted without knowledge of the partic-
ulate Ba phases. The presented data on the barium content
are based only on the bulk sample composition, thus the
content of Ba from sedimentary barite, Fe/Mn oxides and
detritic Ba associated with aluminosilicates, is not known
here. Furthermore, the effects of suboxic diagenesis may
have influenced the Ba content in the studied sediments
(McManus et al., 1998, 1999). Consequently, the presented
Ba/Al and Ba/Sc ratios may present only general trends in
changes of primary productivity, as referred by Reitz et al.
(2004). However, even this trend may not only reflect varia-
tions in primary productivity, but may also result from
changes in supply of aluminosilicates and from changes in
the type of lithogenic material delivered to the basin floor.
The marginal position of the Skole Basin, close to the West
European Platform, favoured supply of continental debris
including aluminosilicate particles. In contrast, this supply
decreased during the Late Cenomanian—Early Turonian
progressive worldwide transgression.
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The plot of Ba/Al shows a surprisingly high value in the
first Fe-Mn layer. The origin of barium could be different
here. The data from present-day sediments demonstrate that
Ba could be scavenged immediately from seawater by Mn
oxides (e.g., Keninson Falkner et al., 1993; De Lange et al.,
1990, 1994) but it also may have coprecipitated within
newly formed Mn oxides during ecarly diagenesis (e.g.,
Kumar et al., 1996; Schroeder et al., 1997). In the latter
case, Ba®" is released into pore-water by barite dissolution
and scavenged by Mn oxides in the oxic zone of the sedi-
ment. Barite could here originate from the cement within the
primary Fe-Mn carbonates. Such associations are known
from authigenic Fe-Mn carbonates in deep-water marine
sediments (e.g., in the Cenozoic silts and clays of the Arctic
Ocean and the Norwegian-Greenland Sea, Sites 909 and
911; Chow et al., 2000). The high concentration of Ba in the
Mn oxides (ca. 6500 ppm) in the studied Fe-Mn layer is
300% higher than that reported from the Pacific and Atlan-
tic Oceans, where the Ba content in the Mn oxide-hydrox-
ides ranges between 1000 and 2000 ppm (Dymond ef al.,
1992). However, in well-oxygenated sediments in the Ara-
bian Sea, Ba content in Mn oxides attains even 6000 ppm
(Schenau et al., 2001), similarly as in the studied Fe-Mn
layer.

The plots of Ba/Al and Ba/Sc ratios in hemipelagic
shales show significantly higher values in the variegated
sediments than in the underlying series (Fig. 13). These val-
ues, similar to the mean value determined for the CTBE by
Warning and Brumsack (2000), are even 200% higher than
in the uppermost Cenomanian calciturbidite series. Accord-
ingly, irrespective of the discussed above restrictions in ap-
plication of Ba/Al and Ba/Sc ratios as the productivity
proxy, it seems that surface waters were under influence of
seasonal? coastal upwelling during the earliest Turonian,
which resulted in increased primary productivity in the
marginal part of the Carpathian Basin.

CONCLUSIONS

1. Microfacies, microfossils and chemical data allowed
the recognition of the oceanic anoxic event (OAE-2) in the
previously undifferentiated Cenomanian—Turonian succes-
sion in the Skole Nappe of the Polish Outer Carpathians.

2. The OAE-2 was preceded in the Skole Basin by sedi-
mentation of diluted gravity flows transporting mainly bio-
genic material from the shelves of the West European Plat-
form. This sedimentary record was concurrent with spicule-
rich turbidite sedimentation, in another marginal basin of
the Outer Carpathians, the Silesian Basin. In both basins,
the biogenic-rich-turbidite sedimentation gradually disap-
peared during the latest Cenomanian (near the beginning of
the 5'°C excursion), being related to the ongoing eustatic
rise and the expansion of the oxygen minimum zone.

3. The uppermost Cenomanian organic-rich facies
(Bonarelli-equivallent horizon) records the OAE-2. The
benthos-free black sediments, characterized by positive ex-
cursions of chemical redox indices, are indicative of bottom

water anoxia, interrupted by intervals of suboxic conditions,
expressed by the sedimentation of hemipelagic green
shales. These sediments contain a low number of poorly-di-
versified deep-water agglutinated foraminifers, which rep-
resent a stressed assemblage of the so-called “Biofacies B,
related to oxygen-depleted conditions coinciding probably
with the increasing temperature of bottom water.

4. The ferromanganese layer, covered by a 70 cm thick
succession of siliceous-manganiferous shales, directly over-
lies the organic-rich facies. These sediments have been de-
posited under well-oxygenated bottom- and pore-water re-
lated to an increase in deep-water circulation.

5. Increasing, but not permanent, oxygenation of bot-
tom waters is suggested for the lowermost Turonian varie-
gated shales. Negative excursions of chemical redox indices
like U/Th, V/(V+Ni), and As/Al ratios, indicate better oxy-
genation, but low values of the Ce/La ratio and the lack of
benthos and bioturbation point to predominance of sluggish
circulation and stressed conditions at the basin floor, with
pulses of high-velocity bottom currents that increased the
oxygen content near the basin floor. Occasionally, sluggish
circulation, associated with enhanced primary productivity,
resulted in bottom water anoxia, marked by the deposition
of organic-rich black shales. The well-oxygenated condi-
tions at the basin floor, demonstrated by diversified forami-
niferal agglutinated assemblages, appeared in the Early
Turonian, corresponding to the calcareous nannoplankton
Quadrum gartneri Zone.

8. A high frequency of radiolarian-rich layers above the
Bonarelli-equivalent horizon and the increase in Ba/Al and
Ba/Sc ratios are interpreted as the result of a relatively high
level of primary productivity in the Skole Basin, gently in-
creasing up-section in comparison to the Upper Cenoma-
nian successions.
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Streszczenie

ZMIANY W GLEBOKOWODNYM SRODOWISKU
BRZEZNEJ CZESCI BASENU KARPAT
ZEWNETRZNYCH WOKOL GRANICY

CENOMANU I TURONU WYRAZONE W ZAPISIE

MIKROFACJI, ZESPOLACH
MIKROSKAMIENIALOSCI I CHEMIZMIE
UTWOROW W PLASZCZOWINIE SKOLSKIEJ

Krzysztof Bak

Anoksyczne zdarzenie oceaniczne z granicy cenomanu i tu-
ronu, odzwierciedlone przez sedymentacj¢ czarnych tupkéw orga-
nicznych i tupkow radiolariowych (tzw. CTBE, OAE-2, Bonarelli
Event) bylo przedmiotem licznych i wielokierunkowych badan
pod katem okreslenia jego cech, przyczyn i skutkow, jakie spowo-
dowalo (np., Arthur, 1979; Jenkyns, 1980; Summerhayes, 1981;
Arthur & Premoli Silva, 1982; Bralower & Thierstein, 1984;
Herbin et al., 1986; Kuhnt ef al., 1990; Pedersen & Calvert, 1990;
Peryt & Wyrwicka, 1991, 1993; Tyson, 1995; Sinninghe Damsté
& Koster, 1998; Gustafsson et al., 2003; Liining et al/, 2004; Kuhnt
et al., 2005; Wojcik-Tabol, 2006). Zapis tego zdarzenia jest znany
glownie ze Srodowisk morz epikontynentalnych i obszaréw ocea-
nicznych z sedymentacja weglanowa. Profile osadéw cenomanu
i turonu z basendéw glgbokowodnych, z dnem ponizej granicy
kompensacji weglanowej sa nieliczne i natura tego zdarzenia jest
stabo poznana z takich $rodowisk. W niniejszej pracy przed-
stawiono zapis anoksycznego zdarzenia oceanicznego na granicy
cenomanu i turonu w glgbokowodnym basenie Karpat Zewngtrz-
nych, wraz z interpretacja zmian, jakie zaszly na dnie tego basenu.
Artykut ten jest uzupelieniem serii badan autora na ww. temat,
opublikowanych wczesniej w oparciu o profile z dwoch innych
jednostek tektonicznych Karpat Zewngtrznych (Bak K., 2006,
2007a).

Prezentowane badania byly oparte o zmienno$¢ facji, sktad
chemiczny utworéw hemipelagicznych oraz zmiennos$¢ zespotow
otwornic aglutynujacych. Osady badanego profilu (“profilu
Sptawa”) byly deponowane w brzeznej czegsci basenu Karpat Zew-
netrznych, w tzw. basenie skolskim (Fig. 1A). Gtéwnym celem
pracy byla interpretacja zmian zawartosci tlenu w wodach den-
nych tej czesci basenu Karpat, interpretacja zmian produktyw-
nosci wod powierzchniowych oraz interpretacja zmian w dostawie
materiatu okruchowego do dna basenu w czasie od pé6znego ceno-
manu do wczesnego turonu. Zmiany powyzszych parametrow
Srodowiska basenu skolskiego zostaly skorelowane z danymi
biostratygraficznymi i chemostratygraficznymi, analizowanymi
weczesniej przez autora w tym samym profilu (Bak K., 2007b).

Badany profil znajduje si¢ w centralnej czgsci jednostki
skolskiej w obrgbie antykliny Grunowej — Sptawy, na dwoch brze-
gach potoku Krzeczkowskiego, na podtnoc od wzgodrza Sptawa,
okoto 25 km na SW od Przemysla (Fig. 1B-D). Seria badanych

osadéw w tym profilu obejmuje srodkowa i gorng cze§¢ formacji
hupkow radiolariowych z Barnasiowki (LRB) oraz najnizsza czgs$¢
sukcesji pstrych tupkéw (Fig. 2, 3). Formacja LRB obejmuje na
tym obszarze: 1) zielone bezwapniste tupki (niebgdace tutaj przed-
miotem badan), 2) cienkotawicowe margle krzemionkowe z zie-
lonymi i czarnymi tupkami bezwapnistymi (przynajmniej 20 m
miazszosci), 3) seri¢ tupkoéw organicznych z bentonitami, stano-
wiaca horyzont o maksymalnej zawarto$ci materii organicznej
(ok. 1,7 m miazszo$ci), 4) pierwszy poziom zelazisto-manganowy
(do 3 cm), 5) pstre tupki krzemionkowo-manganowe z drugim
poziomem Fe-Mn w stropie wraz z podscielajacym go poziomem
tupku organicznego (0,7 m miazszosci). Seria nadlegtych pstrych
tupkow jest stektonizowana. Przedmiotem badan byly dwa pa-
kiety tej jednostki o migzszosciach ok. 4,01 1,2 m; pierwszy z nich
lezy zgodnie na formacji LRB (Fig. 3).

Dane biostratygraficzne oparte na zespotach otwornic i pro-
mienic z tego profilu (Bak K. er al., 2005; Bak K., 2007b)
wskazuja, ze seria margli krzemionkowych (prawdopodobnie bez
jej najnizszej czesci) oraz tupkdéw organicznych, korelowanych z
poziomem “Bonarelli”, odpowiada dolnej czg¢$ci poziomu Whitei-
nella archaeocretacea (Fig. 3). Z kolei analizy statych izotopow
wegla z materii organicznej wskazuja, ze sedymentacja czarnych
hupkow organicznych, miata mie}' sce w czasie bliskim momentowi
znacznego wzrostu wartosci 8! C, ktory byt zdarzeniem o zna-
czeniu globalnym. W oparciu o graficzng korelacje krzywych war-
tosci 8°C w profilu Sptawa z innymi profilami z Karpat Zew-
netrznych (Bak K., 2007b) oraz ich kalibracj¢ z krzywa czasu
orbitalnego w profilu stratotypowym granicy cenomanu i turonu
(c/t) w Pueblo (Kolorado, USA; Sageman et al., 2006) mozliwe
byto wskazanie czasu poczatku depozycji facji organicznych na
ok. 430 tys. lat przed granica c/t (szczegoty kalibracji — Bak K.,
2007a, b). Zakonczenie sedymentacji czarnych tupkéow organicz-
nych miato miejsce okoto 3050 tys. lat przed granica c/t jak wy-
nika z powyzszej kalibracji krzywych izotopowych. Z kolei
powstanie warstwy Fe-Mn wraz z sedymentacja serii pstrych
hupkow krzemionkowo-manganowych o miazszosci 60 cm trwato
przynajmniej 330-350 tys. lat. Czas sedymentacji drugiego
poziomu Fe-Mn oraz nadleglych pstrych tupkow jest niemozliwy
do okreslenia w oparciu o dane izotopowe. Obecno$¢ gatunku
otwornicy aglutynujacej Uvigerinammina jankoi 1 gatunku wa-
piennego nanoplanktonu Quadrum gartneri w drugim (wyzszym)
pakiecie pstrych hupkéw (Gazdzicka w: Bak K. er al., 2005)
wskazuje, ze ta czg$¢ profilu osadéw moze korespondowac z dol-
nym turonem.

W badaniach mikrofacji, sktadu chemicznego tupkéw hemi-
pelagicznych oraz zespolow otwornic aglutynujacych w tupkach
wykorzystano ogétem 79 probek skat pobranych w profilu o su-
marycznej miazszosci ok. 15 m (Fig. 3), przy czym mikrofacje
byly analizowane w 46 probach, sktad chemiczny tupkow — w 45
probach, a zespoty otwornic — w 47 probach.

Seria cienkolawicowych margli i lupkow marglistych,
ktoéra stanowi najnizsza czgs¢ badanego profilu (ok. 6,5 m miaz-
szos$ci) to sukcesja cienkich turbidytow wapiennych (2-20 mm;
Fig. 4A-C), gdzie granice warstw nie maja charakteru granic
sedymentacyjnych, ale sa efektem procesow diagenetycznych.
Wigkszos¢ tych turbidytow to laminowane réwnolegle ziarnity,
o zroznicownym skladzie petrograficznym, gltéwnie z ziarnami
pochodzenia biogenicznego (Fig. 4D), przechodzace ku gorze w
waki wapienne, zawierajace pokruszone szkielety otwornic, gtow-
nie planktonicznych (Fig. 4E). Otwornice planktoniczne, ktore sa
liczne réwniez w ziarnitach naleza do rodzaju Hedbergella, Globi-
gerinelloides, Heterohelix i ?Whiteinella (Fig. SA-D). Otwornice
planktoniczne “z kilem” (?Praeglobotruncana, ?Rotalipora; Fig.
SE) wystepuja jedynie w najnizszej cz¢sci badanej sukcesji margli
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turbidytowych (Fig. 3). Niektére z turbidytow wapiennych sa
wyksztalcone jako mikrytowe ziarnity, zawierajace duza liczbg
igiet gabek (Fig. 4F) oraz wapienne otwornice bentosowe nalezace
do gavelinelidéw (Fig. SF-J), a takze do rodzajow: Gyroidinoides
(Fig. 5K, L), Lenticulina (Fig. 5SM, N, R), ?Nodosaria (Fig. 50) i
Dentalina (Fig. SP). W najwyzszej czgsci tej sukcesji, w obrgbie
wak wapiennych, wystegpuja liczne szkielety promienic, zdomino-
wane przez rodzaj ?Holocryptocanium (Fig. 4G), lokalnie wymie-
szane z igtami gabek (Fig. 5S). Igly gabek naleza do gromady
Hexactinelidae (Fig. 6B-D) i Demospongiae (Fig. 6A, E-M).
Wiele warstw turbidytow wapiennych zawiera roOwniez mate $lady
z ichnorodzaju Chondrites (Fig. 4B) i Thalassinoides. Wszystkie
warstwy margli sa silnie impregnowane diagenetyczna krzemion-
ka. W obrgbie tej sukcesji wystepuja rowniez bardzo cienkie
utwory hemipelagiczne, tj. zielone i czarne tupki bezwapniste.
Zawieraja one zespoty glgbokowodnych otwornic aglutynujacych
z formami nalezacymi gtownie 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.
TW, Z) i Trochammina sp. (Fig. 7N, O). Podrzednie wystgpuja
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 turbidytow przechodzi stopniowo ku gorze
do hemipelagicznych facji wzbogaconych w materi¢ orga-
niczng i promienice (Fig. 3). Jest to seria naprzemianleglych
czarnych 1 zielonych tupkoéow bezwapnistych z podrzednymi
cienkimi wktadkami bentonitow. Pozycja stratygraficzna tej serii
odpowiada poziomowi “Bonarelli”, znanemu z wielu sukcesji wg-
glanowych w obrgbie Zachodniej Tetydy. Zawarto$¢ wegla orga-
nicznego (TOC) w czarnych tupkach tej sukcesji wynosi od 3,2 do
prawie 8% (Bak K., 2007b). Zespot otwornic aglutynujacych
w tych osadach, wystepujacy glownie w zielonych tupkach, jest
bardzo nieliczny (ok. 10 okazéw w 100 g osadu) i zdominowany
przez formy o matych rozmiarach nalezace do Recurvoides sp.
Podrzednie wystepuja tam Ammodiscus cretaceus, Glomospira
gordialis (Fig. TH), Glomospirella gaultina (Fig. 71), Haplo-
phragmoides sp., Gerochammina sp., ?Saccammina sp., Trocha-
mmina sp. (Fig. 7M) 1 spirytyzowane otwornice rurkowate.

Warstwa zelazisto-manganowa o miazszosci 1,5-3 cm wy-
stgpuje 8—10 cm powyzej stropu facji organicznych. Jest ona zbu-
dowana z koncentrycznie utozonych tlenkoéw i wodorotlenkéw Fe,
Mn i Ba (mikrosferuli o budowie pasowej), stanowiacych pseu-
domorfozy po weglanach Fe i Mn (Bak K., 2007b). Mikrosferule
Fe-Mn wystegpuja w krzemionkowo-ilastym matriks, zawieraja-
cym pojedyncze ziarna kwarcu, muskowitu oraz szkielety pro-
mienic. Szczegdélowy opis tego horyzontu oraz jego korelacja z
analogicznymi utworami w innych profilach Karpat Zewngtrz-
nych zostaly przedstawione przez autora w innych pracach (Bak
K., 2006, 2007a, b).

Wyzejlegta sukcesja osadow o miazszosci ok. 70 cm to
czerwone i zielone lupki krzemionkowo-manganowe, z licz-
nymi laminami wzbogaconymi w promienice (Fig. 3). W jej stro-
pie lezy cienki tupek organiczny, a przykrywa go drugi poziom
zelazisto-manganowy. Pierwsza czerwona warstwa tupku wyste-
puje 5 cm powyzej dolnego horyzontu Fe-Mn. W laminie zielo-
nego tupku, ktéry rozdziela ten pierwszy czerwony horyzont
wystepuja bardzo liczne i mate otwornice aglutynujace nalezace
do rodzaju Gaudryina sp. albo Uvigerinammina sp., a takze do
?Ammodiscus sp. Oprocz wyzej opisanego zespolu, brak jest
otwornic bentosowych w tych osadach. Kolejny zespol zostat
znaleziony dopiero w drugim (wyzszym) pakiecie sukcesji pstrych

tupkow, ktory wystepuje w kontakcie tektonicznym z nizejlegtymi
osadami. Seria lupkéw krzemionkowo-manganowych zawiera
natomiast liczne promienice (Fig. 8C-J), ktore tworza laminy o
miazszosci 1-3 mm; czg§¢ z tych lamin ma charakter utworéw
hemipelagicznych (Fig. 8A), a czg$¢ reprezentuje utwory prze-
myte przez prady denne (Fig. 8B, K). Drugi poziom Fe-Mn ma
podobny sktad chemiczny, wewngtrzna strukturg i wystgpuje w tej
samej pozycji stratygraficznej jak analogiczne utwory w jednostce
slaskiej i podslaskiej (Bak K., 2006, 2007a, b).

Seria pstrych lupkéw ilastych, zdominowana przez tupki
zielone, z cienkimi (< 0,5 mm) przetawiceniami turbidytow o
frakcji mutowej i pojedynczymi warstwami czarnych tupkow
organicznych i bentonitow wystgpuje w najwyzszej czgsci bada-
nego profilu. Osady te sa stektonizowane, wystgpujac w dwoch
pakietach (Fig. 3). Seria pstrych tupkow jest inkrustowana diage-
netycznymi tlenkami i wodorotlenkami Fe-Mn (Fig. 9). Zespot
promienic wystgpujacy w pstrych tupkach jest lepiej zréznico-
wany taksonomicznie, podobnie jak i zespdt otwornic agluty-
nujacych, ktory wystepuje w drugim pakiecie i zawiera zarowno
formy znane z gérnocenomanskich 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. 101) i U. jankoi (Fig. 10J).

Analizy sktadu chemicznego tupkéw zostaly wykorzystane
w interpretacji zmian dostawy materiatu terygenicznego do dna
basenu, a takze zmian zawartosci tlenu w wodach dennych oraz
zmian w produktywnosci wod powierzchniowych.

Jako chemiczne wskazniki dostawy materialu okrucho-
wego wykorzystano proporcje Al203 do TiOz, AlO3 do SiO a
takze Rb do Al, Ti do Ali Al do (Al+Fe+Mn) (Fig. 11, 12). Gra-
ficzne poréwnanie krzywych opartych na powyzszych wskaz-
nikach wskazuje na: 1) znaczace ograniczenie dostawy materiatu
terygenicznego w czasie sedymentacji facji organicznych oraz
sukcesji tupkéw krzemionkowo-manganowych pomigdzy dwoma
poziomami Fe-Mn; 2) wzrost tempa dostawy materiatu teryge-
nicznego w czasie depozycji zielonych tupkow w obrgbie facji
organicznych; 3) najnizsze tempo sedymentacji w czasie tworze-
nia si¢ warstw Fe-Mn; 4) malejacy udziat ziaren pochodzenia
eolicznego w gore profilu; 5) brak zrdznicowania w profilu
zawartosci najdrobniejszych ziaren pochodzenia fluwialnego; 6)
dominacje¢ krzemionki pochodzenia organicznego w serii lupkow
krzemionkowo-manganowych, w przeciwienstwie do serii wyzej-
i nizejlegtych, gdzie SiO2 pochodzi zaréwno z rozpuszczenia
ziaren kwarcu jak i szkieletow promienic oraz igiet gabek.

Zrodlem materiatu terygenicznego i biogenicznego dla serii
turbidytowej byt szelf w marginalnej strefie platformy zachodnio-
europejskiej. Zespoty otwornic bentosowych wskazuja, ze wigk-
szo$¢ materiatu pochodzita ze strefy nerytycznej i gornego batiatu.
Mikrofacje i struktury sedymentacyjne w turbidytach wapiennych
wskazuja, ze material biogeniczny i siliciklastyczny byt dostar-
czany przez prady zawiesinowe o niskiej gestosci i malej pred-
kosci.

Seria turbidytow wapiennych w badanym profilu lezy w tej
samej pozycji stratygraficznej, co osady o podobnym sktadzie
i genezie w jednostce $laskiej (Rogowce Mikuszowickie). Ich
sedymentacja zakonczyla si¢ rowniez w tym samym czasie (Bak
M. et al., 2005), korelowanym z poczatkiem eustatycznego
wzrostu poziomu morza i jednoczesna ekspansja strefy minimum
tlenowego. Wzrost poziomu morza spowodowal zmniejszenie, a
nawet zatrzymanie sedymentacji w basenie skolskim, czego
odzwierciedleniem jest powstanie warstw Fe-Mn 1 serii tupkow
krzemionkowo-manganowych. Znacza one maksimum transgresji.
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Warunki natlenienia na dnie byly interpretowane zaréwno
na podstawie wskaznikow chemicznych takich jak proporcje U do
Th, V do (V+Ni) i As do Al a takze w oparciu o sktad zespolow
otwornic aglutynujacych. Graficzna korelacja krzywych che-
micznych wskaznikow natlenienia (Fig. 13) wskazuje na: 1) naj-
nizszy poziom natlenienia wod dennych (warunki anoksyczne i
euksyniczne) w czasie poznocenomanskiej sedymentacji facji
organicznych, z fluktuacjami w zawarto$ci tlenu w czasie sedy-
mentacji lupkow organicznych i tupkow zielonych; 2) wyzszy
poziom natlenienia wod dennych i porowych w czasie sedymen-
tacji tupkow zielonych, potwierdzony obecnoscia skamienialosci
Sladowych z ichnorodzaju Chondrites oraz zespolu otwornic
aglutynujacych, nalezacych do tzw. Biofacji “B”; 3) dysoksyczne
i anoksyczne warunki na dnie w czasie poznomiocenskiej
sedymentacji serii turbidytow wapiennych; 4) znaczna poprawe
natlenienia na dnie od zakonczenia sedymentacji utworéw
organicznych, z epizodami warunkow anoksycznych.

Powstanie warstw Fe-Mn, pierwotnie jako warstw rodo-
chrozytowych, bylo zwiazane z inicjalnym etapem zmian w dyna-
mice wod dennych w basenie karpackim. Taki typ osadu po-
wstawatl w warunkach dostgpnosci jondw Fe i Mn oraz niedotle-
nienia wod porowych, ktore epizodycznie (?cyklicznie) ulegaty
natlenieniu w wyniku naplywu goracych, dobrze natlenionych
wod transportowanych przez prady denne (szczegély genezy
utworow Fe-Mn — Bak K., 2006). Wskaznik natlenienia wod
dennych (Ce/La; Tab. 1) wskazuje jednak na niewielka predkosé
pradow dennych, ktoéra wzrastata prawdopodobnie jedynie epizo-
dycznie.

Materia organiczna w czarnych tupkach jest glownie
pochodzenia morskiego (Bak K., 2007b). Jednym z jej zrodet byty
glony, na co wskazuje wysoka zawarto§¢ arsenu w niektorych
probach czarnych tupkow.

Zmiany w produktywnosci wod powierzchniowych byly
interpretowane w oparciu o wskazniki chemiczne, tj. proporcje
udziatu Ba i Al oraz Ba i Sc, przy zachowaniu $wiadomosci o
réznych ograniczeniach tej metody w zwiazku z potencjalng mo-
zliwoscia wezesnodiagenetycznego uwolnienia Ba z biogenicz-
nych siarczanéw w warunkach anoksycznych panujacych w ko-
lumnie wody i na dnie oraz brakiem znajomos$ci wszystkich zrodet
pochodzenia baru. Negatywna korelacja pomigdzy wartosciami
Ba/Al i wskaznikami natlenienia osadu w obrgbie facji organicz-
nych wyklucza mozliwo$¢ interpretacji produktywnosci dla tej
czgsci profilu. Poréwnujac wartosci Ba/Al i Ba/Sc pomiedzy
gornocenomanskimi tupkami hemipelagicznymi a dolnoturon-
skimi tupkami pstrymi mozna stwierdzi¢ wzrost produktywnosci
wod powierzchniowych we wezesnym turonie. Potwierdza to
bardzo wysoka zawarto§¢ baru w obrgbie warstwy Fe-Mn,
poréwnywalna z wartosciami we wspolczesnych $Srodowiskach
o wysokiej produktywnosci, a takze obecnos¢ licznych lamin z
promienicami w serii tupkow krzemionkowo-manganowych. Zes-
pot promienic w obrebie catego badanego profilu jest zdomino-
wany przez mate, ?oportunistyczne formy z rodzaju Holocrypto-
canium, co mogtoby wskazywac na podwyzszona produktywnos$c
w basenie w warunkach ?sezonowej cyrkulacji upwelingowe;j.



