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Organic carbon accumulation events in the mid-Cretaceous rocks
of the Pieniny Klippen Belt (Polish Carpathians) — a petrological
and geochemical approach
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Wojcik-Tabol P. (2006) — Organic carbon accumulation events in the mid-Cretaceous rocks of the Pieniny Klippen Belt (Polish
Carpathians) — a petrological and geochemical approach. Geol. Quart., 50 (4): 419-436. Warszawa.

New petrological and geochemical data lead to a consistent depositional model of the C.-rich sedimentation within the Pieniny Basin
during the mid-Cretaceous. Considerable terrestrial runoff into the Pieniny Basin occurred during the late Albian. Detrital macerals accu-
mulated under aerobic conditions on the shelf and continental slope. Fertilization of surface water induced primary productivity; aerobic
degradation of organic matter led to the development of an oxygen-minimum zone within mid-water. The oxygen-minimum zone spread
over almost all of the Pieniny Basin (Albian/Cenomanian). At the same time, a stagnant pool developed in the Grajcarek Basin. During
the mid-Cenomanian the O, minimum zone retracted and covered only the shelf and upper/middle slope. Stagnant pools might have
formed in the depressions. Turbidity currents flowed down the slope and deposited calciturbiditic sequences with organic detritus in the
Branisko and Pieniny basins. At the end of the Cenomanian, isolated anoxic or even H,S-bearing basins existed on the shelf. The slope
was still occupied by the oxygen-minimum zone. In the deepest part of the sea-floor a stagnant basin formed.
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INTRODUCTION

Black shale sedimentation was widespread in Europe and
other parts of the world during the Cretaceous, from the Aptian
until the Turonian in particular (eg. the Pacific: Thiede ef al.,
1982; the North Europe: Jenkyns, 1985; the South Europe: Ar-
thur and Premoli Silva, 1982; Baudin et al., 1998; the Atlantic:
Brumsack, 1980, 1986; Venezuela: Alberdi-Genolet and
Tocco, 1999) and peaked during global Oceanic Anoxic
Events (OAEs, c¢f. Schlanger and Jenkyns, 1976). Develop-
ment of anoxic facies in black shales was explained using three
models: detrital, productivity and stagnant anoxic. The “Detri-
tal Anoxic Event” model suggests that supply of terrestrial or-
ganic matter and sedimentation rate are high to produce the
anoxity (Erbacher and Thurow, 1990). The “Productivity
Anoxic Event” model suggests that nutrient input (by
upwelling or by river) leads to elevated surface water produc-
tivity (Erbacher and Thurow, 1995; Hay, 1995). The oxygen
used to oxidise organic remains led to development of a
mid-water oxygen-minimum zone. If oxygen-minimum zone

grew larger, there would develop a “Stagnant Anoxic Event”
(Brumsack and Thurow, 1986; Erbacher and Thurow, 1995),
due to stagnant or sluggish water circulation (op. cit.).

The extreme warming in the mid part of the Cretaceous rep-
resents one of the best examples of “greenhouse” climate con-
ditions in the geological record (De Graciansky et al., 1987,
Hoefs, 1997). Globally averaged surface temperatures in the
mid-Cretaceous were over 10°C higher than today (De Boer,
1982). The oceans of the Cretaceous may have been similar to
the modern Pacific Ocean, both with large marginal seas
(Chamley and Robert, 1982; Hay, 1995). It is possible that the
Tethys was a hypersaline area, where water became more sa-
line and dense because of evaporation. Meridional seaways that
connected regions with surface waters having similar density
but different temperatures and salinities may have played a spe-
cial role in the Cretaceous oceans (Hay, 1995, 1997).

Episodes of increased accumulation of organic matter in the
Cretaceous deposits coincide with transgression periods
(Schlanger and Cita, 1982). The oxygen content of sea-water
was low and the water circulation was sluggish during the
greenhouse period (Hay, 1995). As a result, remineralization of
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organic matter and thus recycling of nutrients was hampered.
Moreover, an increased loss of nitrate caused by denitrification
in oxygen deficient waters might have led to “starved basin”
development (Brumsack, 1980; Brumsack and Thurow, 1986).

Black shale deposition in the Central Atlantic and western
Tethys was attributed to stagnant pools of warm saline bottom wa-
ter (Brass ef al., 1982). It may also have been caused by O, deple-
tion, being the response to periodic development of a positive
fresh-water balance (large land runoff, low evaporation, flow of
nutrient-rich surface water out to the open ocean) and estuarine
circulation (Rohling and Hilgen, 1991). Additionally, increasing
runoff from land brought nutrients and fertilized the oceans. This
is indicated by the widespread occurrence of siliciclastics along
the margins of the western Tethys (Weissert, 1990).

The Cretaceous rock formations of the Pieniny Klippen
Belt (PKB) have been the focus of scientific interest for many
years, with research into their lithology, palaeontol-
ogy/biostratigraphy and sedimentology (Birkenmajer, 1960;
1977, 1979; Aleksandrowicz et al., 1968; Sikora, 1971,
Ksiazkiewicz, 1972; Gasinski, 1988). The layers of black shale
intercalated within the Cretaceous strata of the PKB have been
interpreted by Birkenmajer and Jednorowska (1984, 1987) and
Gasinski (1988, 1991) as records of anoxic events. These au-
thors suggested that local oxygen deficiency episodes are
equivalents of the global Oceanic Anoxic Events, as, during
Mesozoic time, the Pieniny Basin belonged to the northern
branch of the Tethys Ocean.

This paper presents the results of a multidisciplinary ap-
proach that combines sedimentological, petrological and geo-
chemical methods in order to propose a consistent depositional
model for the mid-Cretaceous organic carbon-rich (Coyg.-rich)
sediments within the Pieniny Basin.

GEOLOGICAL SETTING

The Pieniny Klippen Belt (PKB) represents a long and nar-
row arch-like structure situated in the Palaco-Alpine Accretio-
nary wedge between the Inner and the Outer Carpathians
(Fig. 1; Birkenmajer, 1979).

The facies division distinguishable between Jurassic se-
quences points to various depositional realms. The shallow,
threshold-like one is called the Czorsztyn Succession. This de-
veloped on an elevation of the northern ridge (the Czorsztyn
Ridge) of the Pieniny Basin. The Niedzica and Branisko suc-
cessions were formed on the southern slope of the Czorsztyn
Ridge. The deepest part of the PKB Basin was occupied by
deep water facies of the Pieniny Succession (Fig. 2;
Birkenmajer, 1977).

Unification of the lithofacies occurred there during
mid-Cretaceous time. Deposition of marls and marly shales
dominated across the entire Pieniny Basin. This model of
bathymetry has been based on the foraminiferal assemblage
distribution (Gasinski, 1991; Birkenmajer and Gasinski, 1992).

Cretaceous oceanic anoxic event records have been re-
corded within the Pieniny rock successions as grey and brown-
ish-black, organic carbon-rich sediments. The Aptian-Albian
formations: Kapus$nica, Pomiedznik and Wronine, comprise

marly shales with occasional sandstone intercalations. The
Jaworki Formation is dated as Cenomanian—Turonian. It in-
cludes several lithostratigraphic units (Figs. 2 and 3) developed
mainly as pelagic marls (i.e.: Skalski Member), shales
(Magierowa Member), and calciturbidite deposits (Macelowa,
Trawne, Sneznica members). Planktic foraminiferal
biostratigraphy enables their assignation to the following
zones: the Rotalipora subticinensis—R. ticinensis, Planomalina
buxtorfi-R. appenninica, R. reicheli-R. greenhornensis and the
latest R. cushmani up to the Early Helvetoglobotruncana
helvetica zones (after Gasinski, 1983, 1988; Birenmajer and
Jednorowska, 1984, Fig. 2).

METHODOLOGY AND MATERIALS

The Wronine Formation, characteristic of the Grajcarek Suc-
cession, occurs in the following exposures: the Szczawnica
Rzeznia (the samples signed RZ) and the Sztolnia Stream (SZT).
The Pomiedznik Formation, typical of the Czorsztyn Succes-
sion, occurs on the right bank of the Grajcarek River, below the
church in the village of Jaworki (JK). The archival material col-
lected from the Halka Klippe (HL) — today flooded under water
of the Czorsztyn Lake — has been also studied. The Kapusnica
Formation (the Branisko and Niedzica successions) were ex-
posed and sampled on the left slope of the Dunajec River, be-
neath the dam (KP), in the Zawiasy Klippe in Kroscienko
(ZAW) and in the Grajcarek Stream in Jaworki (JG). The
Trawne Member — a biostratigraphical analogue of the upper
part of the Kapusnica Fm. was sampled within the Branisko Suc-
cession, in the Trawne Stream (TR 1) and in the Pasieczny
Stream (PA) profiles. The Skalski Member is exposed along the
road from Jaworki through to Bukowiny Hill (BUK, Niedzica
Succession) and in the Trawne Stream (TR 2—5, Branisko Suc-
cession). The Sneznica Member from the Niedzica Succession
was sampled in the Skalski Stream in Jaworki (PSK samples).
The Sneznica Member occurs also within the Pieniny Succes-
sion (the Macelowa Mount section — MC). The Magierowa
Member (MG) recognized only within the Pieniny Succession,
was collected in the stratotype profile: the Magierowa Klippe in
the hamlet of Sromowce Nizne.

Microstructures were determined in 55 samples using micro-
scopic observation (Nikon ECLIPSE, E 600 POL; transmitted
and reflected light). Organic petrology was studied in polished
thin section (30 samples) under fluorescent light (Olympus OPI
3, Fl Mk II). The quality of organic matter was evaluated in 36
samples using Rock-Eval pyrolysis. Other Rock-Eval parame-
ters such as the Hydrocarbon Index (HI) and T, were defined in
Espitalie (1985). Trace-element contents were measured in 28
samples using /CP-OES spectrometry and INAA analysis (Ag,
Al, Ca, Cd, Cu, Mn, Mo, Ni, Pb, V, Y, Zn, As, Ba, Co, Cr, Fe,
Na, Th, U, W, La, Ce). The pulverized material was analyzed by
ICP-OES after dissolution in a HCI-HNOs-HCIO4HF solu-
tion. Trace-element contents were shale-normalized to give an
estimation of their relative enrichment. The used enrichment fac-
tor is (Wedepohl, 1970, 1991):

(trace-element content/Al content)smpe / (trace-element
content /Al content)gy,e
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Fig. 1. Location of the investigated Polish part of the Pieniny Klippen Belt (A) against the schematic geological map
of the Carpathians (after Zytko et al., 1989; Birkenmajer, 1979, modified)

Location of studied sections containing black shales: BUK — Bukowiny Hill, BW — Biata Woda Valley, HL — Halka Klippe,
JG — Jaworki Grajcarek and Jaworki Church, KP — Niedzica Water Dam, MC — Macelowa Mount, MG — Magierowa Rock,
PA — Pasieczny Stream, PSK — Skalski Stream, RZ — Szczawnica Rzeznia, SZT — Sztolnia Stream, TR — Trawne Stream,

ZAW — Zawiasy Klippe

Isotopic determinations (organic and anorganic carbon)
were carried out on a MI-1305 mass spectrometer with detect-
ing system. The stable isotope composition was expressed as
8"C values relative to the PDB standard.

RESULTS AND DISCUSSION

The absolute concentrations of the selected major and trace
elements are shown both on the table (Table 1) and on the
graph (Fig. 4A, B). They are compared to the values of the en-
richment factor. Most of the samples are sulphur-depleted;
some S concentrations are very low. The samples investigated
were collected from surface outcrops. Due to weathering pro-
cesses, the sulphur content was probably drastically reduced.
Most sulphides (FeS,) have been altered to oxides.

THE ALBIAN POMIEDZNIK
AND KAPUSNICA FORMATIONS

The oldest event of organic matter deposition studied is
biostratigraphicaly dated as late Albian (OAE 1c; Rotalipora
subticinensis—R. ticinensis LCRZ, after Gasinski, 1988). This
was investigated within the Pomiedznik Fm. (JK samples) and
the Kapusnica Fm. (KP) of the Czorsztyn and Branisko succes-
sions, respectively, and additionally within the Trawne Member
(samples TR 1, PA 2) of the Branisko Succession (Fig. 3).

The JK samples from the Pomiedznik Fm. represent
hemipelagic sediments — marls and marly shales. These green
rocks contain black blots and intercalations of black marls. The
Kapus$nica Fm. consists of black and dark grey shales with in-
tercalations of cherty limestone and of fine-grained sandstone
(Birkenmajer, 1979). The microfauna assemblages contain
oligotaxic planktonic foraminifers and radiolarians coexisting
with calcareous benthos (Fig. 5A; Gasinski, 1988). The lower
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Fig. 4. A — correlation of absolute content of selected trace-elements (Cu, Ni, Zn, V) and
V/V+Ni, V/Cr, U/Th, with absolute TOC content in studied samples; B— normalized con-
centrations of the selected trace elements (Cu, Ni, Zn, V, Ba) in the Pieniny samples

part of the Trawne Member is represented
by turbiditic deposits consisting of calcare-
ous sandstones, intercalated with ash-grey
shales. A predominance of agglutinated
foraminifers was observed in the turbidite
samples. Representatives of Hedbergella
and Rotalipora are dominant among the
planktonic foraminifers (Gasinski, 1983).

ORGANIC MATTER AND INORGANIC
GEOCHEMISTRY OF THE ALBIAN STRATA

The total organic carbon (TOC) content
varies between 0.3% in pale grey PA sam-
ples and 3.1% recorded in the brown-
ish-black KP 0 sample (Table 2). The or-
ganic matter is mature as shown by the HI
(35-118) and T, values (about 435°C). A
plot of HI versus Ol measured by Rock-Eval
pyrolysis (Fig. 6) points to a predominantly
II/IV kerogen type (vitrinite and inertinite).
The highest TOC values, correlating with
maximal HI in KP samples, indicates the
presence of II type kerogen. Petrographic
analyses of the macerals correspond with the
pyrolysis data and show a dominance of
macerals belonging to the vitrinite and
inertinite groups: detrovitrinite, collinite and
inertodetrinite; the occurrence of type II
kerogen (bituminite in KP 0 and sporinite in
the PA 2) was recognized.

The 8“C values are —18.43 and
—24.23%o (Table 3; Fig. 8). Organic carbon
significantly enriched in '“C associated as-
sociated with land plants (Galimov, 1980,
1985). During coalification of organic re-
mains, the isotopic composition of kerogen
can be altered. Humus forming by combus-
tion of higher plant remains is characterized
by enrichment in Bc (Galimov, 1985; Dean
etal., 1986). The results described above in-
dicate terrestrial derivation of organic matter
(in TR 1 and PA 2 samples). However, the
presence of bituminite-macerals of algal ori-
gin (in KP samples) is possible.

The upper Albian samples are usually
poor in trace elements, but they contain high
amounts of calcium (Table 1; Fig. 4A). The
JK 2 sample collected in the Czorsztyn Suc-
cession contains notable amounts of Cd, Y
and Ba. Significant concentrations of Ba
characterize the PA 2 and KP 0 samples
from the Branisko Succession. It is interest-
ing that the enrichment factor estimated for
most of the elements exceeds 1 (Table 1;
Fig. 4B). This is the consequence of lower
aluminium concentrations in the samples
(3% in JK 2 and 0.6% in KP 0) than in the
“average shale” standard (8.85%), with
which the enrichment factor was gauged.
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Fig. 5. Microscopic images of association of microfossils in selected samples (all photographs under normal light, one nicol)

A— radiolarians with juvenile foraminiferids (partly pyritized) in laminated marl sample KP 0; B — trace tests of small planktonic genera within black,
laminated shales (JG); C — black cherty shales devoid of microfauna typical of MG samples; D — abundant foraminifera association including epi- and
bathypelagic plankton and calcareous benthos — marly sample from JK section; E — radiolarian assemblage within silicified limestone (HL 5)

The TR 1 sample differs from the others from OAE 1c. It con-
tains 11% of aluminium and a negligible amount of calcium,
hence the values of the enrichment factor exceed 1 for As, Cr,
Mn and Mo only (Table 1).

Barium together with cadmium are frequently referred as
proxies for palacoproductivity (Dymond et al, 1992;
Alberdi-Genolet and Tocco, 1999). This seems to be a reason-
able explanation for the enrichment of the KP 0 sample,
which includes amorphous organic matter, identified as
bituminite/collinite (II/I11 kerogen). The higher amounts of U,
As and Ag measured for KP 0 have been interpreted as a
palaeoproductivity indicator as well. Silver behaves as a nu-
trient-like element. The high Ag concentration may result
from its involvement in the biogeochemical cycle of silica
(Ndung’u et al., 2001). Arsenic and uranium can be bound to
organic matter, especially when absorbed by algae (Mangini
and Dominik, 1979). These geochemical indicators find con-
firmation in the microfaunal assemblage. The abundance of
radiolarians could be fossil evidence of bioproductivity. But

this could also be due to a more oceanic setting. The absence
of bathypelagic foraminifera and rarity of benthos, repre-
sented mainly by agglutinated species, may indicate the ap-
pearance of mid-water oxygen-minimum zone. Low values of
absolute and shale-normalized V/V+Ni and V/Cr ratios and
marked Mn-enrichment suggest an oxygenated environment
(Table 1; Fig. 4A; Lewan and Maynard, 1982; Lewan, 1984;
Quinby-Hunt and Wilde, 1994).

The JK 2 and PA 2 samples are similar to each other
lithologically and geochemically. They both represent marls in-
cluding abundant foraminiferal associations (Fig. 5D; plankton
and benthos); they have the same proportions of Al to Ca, high
absolute amounts of Cd and Ba and enrichment factors of >1
for Cu, Mn, Ni, Pb, Zn, V, Y, As, Co, Cr, U, Th, La. The sam-
ples contain more TOC than average shales, thus the content of
trace elements is higher (Table 1; Fig. 4A). Sediment enhance-
ment in trace elements due to absorption by organic matter un-
der reducing conditions is probable, assuming that organic mat-
ter was reactive (Brumsack, 1980). The appearance of H,S pro-
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Table 2
Rock-Eval analysis data

Samples [\TN?OC/O] [TC] s2 HI | ol

JK2 0.52 ? 0.18 35 n.d.

K2 0.7 435 | 025 98 54

. KP 0 1.28 443 1.03 80 15
o KP 0’ 3.1 434 | 367 | 118 | nd.
S| ke2 14 | 440 | 24 | 77 | 24
TR 1 0.84 | 430 | 091 108 | nd.

PA2 0.37 ? 0.07 18 n.d.

RZ 2 0.4 435 | 0.65 | 130 | nd.

HL 3 164 | 429 | 216 | 132 46

HL 5 0.7 430 1.8 120 50

HL 7 0.4 431 195 | 125 45

G 1 0.48 2 0.1 20 n.d.

=] 1G2 3.49 | 437 6.3 180 | n.d.
= JG 1G 1.28 438 | 1.66 | 130 | nd.
© | zaw2 1.15 ? 0.13 11 n.d.
ZAW3 | 0.98 443 | 0.15 20 50

RZ 1 044 | 439 | 069 | 155 | nd.

SZT 8 0.93 439 | 096 | 103 39

SZT 9 0.56 | 439 | 043 77 n.d.

PSK 1 0.2 2 0.26 98 143
BUK2R | 0.04 ? 0.05 | nd | nd

BUK 3B 1 433 | 035 36 79

BUK 3G | 025 433 | 0.13 50 108

= BW 1 0.26 ? 0.12 46 114
e BW 2 0.3 430 0.2 n.d. n.d.
© | BW2B | 1644 | 483 17.1 104 10
BW 5 0.04 ? 004 | nd | nd

TR 2 0.1 2 0.1 nd. | nd.

TR5 0.78 427 | 0.52 67 n.d.

MC 2 0.36 ? 0.13 36 105

MG 2G 0.1 ? 0.2 nd. | nd.

MG 2B 1.01 464 | 0.48 48 36

~ | MG10G | 0.13 ? 0.16 | nd | nd
2 [ MG1oB | 181 | 464 | 094 | 52 33
© MG I8 1.55 469 | 043 27 84
MG 20 0.37 465 0.1 27 97

MG 25 1.95 466 | 0.72 36 50

S2 — hydrocarbons generated by pyrolitic decomposition of the
kerogen; HI (hydrogen index) — quantity of pyrolizable organic
compounds from S2 relative to TOC (mg HC/g TOC); OI (oxygen in-
dex) — quantity of terrestrial organic matter (mg OC/g TOC); n.d. —
not detected, ? — uncertain results

duced during decomposition of OM might mean precipitation
of sulphides (Fe sulphides above all). Excessively low amounts
of Fe (below 3.5%) low values of V/V+Ni and V/Cr ratios and
high Mn amounts (absolute and shale-normalized; Table 1 and
Fig. 4A) seem to be contraindications of euxinic conditions.
(Lewan and Maynard, 1982; Lewan, 1984; Quinby-Hunt and
Wilde, 1994; Veto et al, 1997). An abundant calcareous
microfauna indicates a hospitable environment within the
whole water column.
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Fig. 6. Types of kerogen based on Rock-Eval data

A — diagram of hydrogen index vs. oxygen index, B — S2 vs. TOC
plots for investigated samples

In sample TR 1 most trace elements occur in relatively low
amounts (Table 1; Fig. 4A). Concentrations of As, Mo, Pb are
higher. These metals are sulphide-forming; they may also be
incorporated into organic matter (Brumsack, 1980). Concentra-
tions of sulphur and euhedral and polyframboidal pyrite indi-
cate that pyritization happened diagenetically (Wilkin ez al.,
1996; Wignall and Newton, 1998). Elements such as Ba, Cr, V
may have been absorbed by clay minerals. The V/V+Ni ratio
about 0.64 can indicate oxygen deprivation (Table | and Fig.
4A; Lewan and Maynard, 1982). However, it is only 0.49 after
shale normalization.

THE ALBIAN/CENOMANIAN POMIEDZNIK, KAPUSNICA
AND WRONINE FORMATIONS

The second event of deposition of C-rich deposits investi-
gated (designated as OAE 1d,) is dated to the early Cenomanian
Planomalina  buxtorfi—Rotalipora  appenninica (Fig. 2;
Gasinski, 1988).

The Pomiedznik Fm. within the Halka section consists of
black and dark grey shales with intercalations of cherty lime-
stone. The microfaunal, association includes oligotaxic plank-
tonic and benthic foraminifers and radiolaria (Gasinski, 1988).
The microfaunal assemblage from the cherty HL 5 sample com-
prises mainly planktonic genera (epiplanktonic foraminifera and
radiolaria) without calcareous benthos (Fig. 5E).

The ZAW samples from the Branisko Succession contain
mineral and organic detritus. The marly shales and mudstones
include arenitic layers. Wavy and lenticular lamination is ob-
served in these fine-grained rocks. The laminae show ductile
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Fig. 7. Microscopic images of macerals in reflected light

A — resinite infilling pore spaces within structured inertinite maceral (BW 2 sample) (UV light); B— un-
structured liptinite maceral-bituminite in RZ 2 sample (UV light); C — inertinite maceral from arenitic MC 2
sample (UV light); D — sporinite-granular megaspore (TR 5) (UV light); E — vitrinite maceral with internal
cell structure (PA 4) (reflected light); F — sclerotinite-cellular structure (MG 25) (reflected light); G —
tellovitrinite maceral within PA 4 sample (reflected light); H — semifusinite (inertinite type) maceral from

MG 18 sample (reflected light); OM — organic matter

deformation. It is notable, that these samples contain abundant
calcareous micro- and macrofaunal remnants.

The JG samples collected from the profile of the Niedzica
Succession are represented by variegated shales with an inter-
calation of black shale. Sample JG 2 is from the C,y.-rich level.
This is a laminated deposit lacking any fauna (Fig. 5B). The
samples (SZT, RZ) collected from the Wronine Formation rep-
resent laminated brownish marly shales with sparse micro-

fauna. The microfaunal assem-
blage consists of individual ben-
thic organisms, i.e. Lenticulina
and ostracods, and radiolaria as
an exclusive representative of the
plankton.

ORGANIC MATTER AND
INORGANIC GEOCHEMISTRY
OF THE ALBIAN/CENOMANIAN
STRATA

The samples collected from
the Szczawnica RzeZnia section
(RZ) are characterized by very
low organic carbon contents (be-
low 0.5%) that are close to 1% for
samples HL 3, ZAW 2 and SZT 8
(Table 2). Only sample JG 2 con-
tains more TOC, at 3.5%. The
Tmax values range from 430 to
443°C and indicate maturity at the
oil window level. The hydrogen
index (HI) values, at between 120
and 180, show the kerogen to be
of type IV/III (Fig. 6). These pyrol-
ysis data correspond with optical
identifications of macerals. They
are wispy in shape and amorphous
reddish-brown, black in transmit-
ted light and bright under reflected
light. Macerals were recognized
as of the vitrinite group (collinite)
with minor amounts of bituminite.
The vitrinite was derived from
land plant remains composed of
cellulose and lignin. Bituminite
belonging to liptynite macerals is
a decomposition product of algae,
zooplankton, bacteria and other
lipid substances (Fig. 7B).

The isotopic composition of
the organic carbon (Table 3; Fig. 8)
may indicate terrestrial derivation
of organic matter, because the §"
C values are close to —26%o
(Deines, 1980; Galimov, 1985).

The geochemical composi-
tion of sample HL 5 shows a
very high Ca concentration that
diminishes the absolute amounts
of Al and trace elements (Ta-
ble 1; Fig. 4A). Normalization to
the “average shales” explains the
high values of enrichment for most elements (Fig. 4B). Rela-
tively high values were noted for sulphide-related metals such
as Fe, Ni, Pb, As and Co. Precipitation of pyrite and other
sulphides may be the main reason for the enrichment in met-
als. The lack of benthos may be evidence of occasional bot-
tom water anoxity. The U/Th ratio equalling 0.67 (after
shale-normalization 2.31) and low absolute Mn amounts may
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Table 3

Carbon isotope composition of selected samples

Kerogen Carbonates
Samples tc., 33C o [;FV?% ]
[PDB, %o] [PDB, %o]
TR 1 -18.43 —0.56 0.8
PA2 —24.5 1.6 0.4
HL 6 —26.06 2.07 0.7
ZAW 3 —25.8 0.7 1.15
SZT 9 -25.89 0.07 0.9
TR 5 —25.23 1.11 0.8
MG 9 -23.59 n.d. 1.8
MG 15 -23.89 n.d. 1.5
MG 20 —23.56 n.d. 0.4

indicate deposition under oxygen-free conditions (Jones and
Manning, 1994; Veto et al., 1997). However, absolute as well
as normalized V/V+Ni and V/Cr ratios that are too low negate
this thesis (Fig. 4A; Lewan, 1984).

The remarkably high amounts of As and U associated with
Ba in particular may suggest high primary productivity
(Dymond et al., 1992; Mongenot et al., 1996, Alberdi-
Genolet and Tocco, 1999). This corresponds to a considerable
quantity  of  siliceous
microfauna and amor-
phous, possibly of algal or-
igin, organic matter. Sam-
ple JG 2 contains relatively
high amounts of TOC and
of many elements (Ni, Pb,
Y, Baand Co; Table 1; Fig.
4A). Note the high values
of enrichment factors of
Cd and Ag (Table 1). Sam-
ple JG 2 contains a consid-
erable amount of S. The
framboidal shape of pyrite
and its size (3 um average)
may suggest the presence
of H,S in the water column
(Wilkin et al., 1996; Wig-
nall and Newton, 1998).
The undisturbed lamina-
tion and, low content of
microfauna (Fig. 5B) indi-
cate anoxic condition.
However, absolute and

OAE 1c

OoToC
ETOC norm.

A

—

ing environment the trace elements could have been absorbed
from the water during slow accumulation and trapped into
sulphides or into reactive OM.

The ZAW samples are generally poor in trace elements.
Nevertheless, As, Ba, Ag, Cd, Zn, Ni and V occur in large
amounts. All of the trace-elements measured display the enrich-
ment factor >1 (Table | and Fig. 4B). Their presence may be re-
lated to diffusion into sediment under reducing conditions
(Brumsack, 1980, 1986). They were bound to organic matter and
also precipitated as sulphides. Pyrite has replaced recrystallised
calcareous and silica tests, which points to diagenetical
pyritization (Wilkin et al., 1996; Wignall and Newton, 1998).
Moreover, absolute and normalized V/V+Ni and V/Cr ratios are
not high enough to indicate anoxity of the bottom water (Fig. 4A;
Lewan and Maynard, 1982; Lewan, 1984). Therefore, the ZAW
section was deposited below OMZ.

The SZT and RZ samples collected from the Wronine Fm.
(the Grajcarek Succession) are very similar. Micropalaconto-
logical investigations of samples suggest that they were de-
posited under oxygen-limited conditions. However, geo-
chemical examinations did not confirm a wholly anoxic envi-
ronment at the bottom: V/V+Ni ratios vary from 0.58 to 0.66,
the V/Cr ratios are below 2 and U/Th is equal only to 0.3 (Ta-
ble 1 and Fig. 4A; Lewan and Maynard, 1982; Lewan, 1984;
Jones and Manning, 1994). The shale-normalization de-
creases the V/V+Ni and V/Cr ratios and increases the U/Th
ratio (Table 1). Additionally, the Mn content is very high
(Quinby-Hunt and Wilde, 1994; Veto et al., 1997). The values
of enrichment factor exceed 1 for most elements. Pyrite oc-

OAE 1d, OAE 1d, OAE2

§°C
[%o]
- -15

-25

5 ]

shale-normalized V/V+Ni
and V/Cr ratios are lower
than the level of anoxity
established (Fig. 4A;
Lewan, 1984). In an oxy-
gen-free or even H,S-bear-

TR1 PA2 HL 6

SZT9| TR5 | MG9 MG15 MG 20

ZAW 3

Fig. 8. Variation in TOC (wt.%), carbon isotope composition of organic carbon (6'3C0rg, per mil relative to
PDB standard) and carbon isotope composition of carbonate carbon (5"°C.,y,. per mil relative to PDB stan-
dard) composition in selected samples
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curs as large (> 10 um) euhedra and framboids. These forms
are typically postdepositional (Wilkin et al., 1996; Wignall
and Newton, 1998). Many elements, such as Cu, Zn, Pb, V,
Ni, As, Co are easily bound to sulphides. Therefore,
pyritization may be the main reason for metal enrichment.
The same elements are often associated with organic matter
(Brumsack, 1980, 1986; Breint and Wanty, 1991). Some of
the metals (e.g. Mo, U, V, Cr) might have been concentrated
during early diagenesis by diffusion into deposits and fixation
after a reduction step due to oxidation — reduction reactions
at the expense of OM (Shaw et al., 1990).

THE MIDDLE CENOMANIAN
JAWORKI FORMATION

The enhanced deposition of organic matter that occurred
in the mid Cenomanian (OAE 1d,; R. reicheli-R.
greenhornensis Local Partial Concurrent Range Zone —
LPCRZ) is recorded within the Jaworki Formation in the
Branisko, Niedzica and Pieniny successions (Figs. 2 and 3).

The profiles selected both in the Branisko (the Trawne
Stream section: TR 2-5) and in the Niedzica successions (the
Bukowiny Hill — BUK) look similar. They contain red and var-
iegated marls intercalated with black shales. Wavy lamination
was noted inside dark layers. The rare microfauna consists of
radiolarian tests and agglutinated foraminifera. Samples repre-
senting calciturbiditic lithotypes were collected in the Branisko
Succession (the Pasieczny Stream — PA 4), in the Niedzica Suc-
cession (the Biata Woda Valley — BW, the Skalski Stream —
PSK), and in the Pieniny Succession (the Macelowa Mount —
MC profile). They contain abundant microfauna including abun-
dant planktonic and benthic foraminifera.

ORGANIC MATTER AND INORGANIC GEOCHEMISTRY
IN THE MIDDLE CENOMANIAN STRATA

Within the middle Cenomanian samples, the maximum
TOC contents were measured in the BUK 3B and TR 5 sam-
ples. Percentages of TOC are 0.8 to 1%. In the red and varie-
gated marls (BUK 3G, BW 5, TR 2) and arenitic grey (BW 2,
PSK 1, MC 2, PA 4) samples, TOC does not reach 0.5%.
Kerogen is characterized by low values of HI and S2, there-
fore it was defined as of type III/IV (vitrinite/inertinite). The
Toax values are between 423-433°C and indicate that kerogen
is just below the oil window. In the TOC-free samples, the
Thax values and the degree of maturation were difficult to es-
tablish. Note worthy is the elevated TOC content (16%) and
Tonax value (483°C) in sample BW 2B that for the main part is a
coal fragment. The high value of T ,,,x indicates an advanced
maturity of kerogen that can be called as “dead carbon” (Ta-
ble 2; Fig. 6).

The results of thin section investigation correspond with the
pyrolysis data. The marly black shales (BUK 3B and TR 5)
contain amorphous organic matter, identified as collinite
(colomorphous vitrinite). The macerals occurring within detri-
tal samples (BW 2, PSK 1 and MC 2) were recognized as
detrovitrinite (Fig. 7C). Observations of the BW 2B and PA 4
samples show the presence of large pieces of maceral with in-
ternal cellular structure (tellinite/fusinite; Fig. 7E). The amor-

phous matter infilling cell lumens within sample BW 2 was
identified as resinite (Fig. 7A).

All samples of the OAE 1d, event are Ca-rich, regardless
of organic carbon content (Table 1 and Fig. 4A). The geo-
chemical comparison of the BUK samples shows strong cor-
relation between TOC contents and trace element amounts.
The TOC-rich sample BUK 3B is distinctive. It contains
higher concentrations (absolute contents and values of en-
richment factor) of Ag, Cd, Cu, Ni, Pb, Zn, V, As, Ba, Co
and U (Fig. 4A, B) and has also the lowest Mn amount, a
V/V+Ni ratio reaching 0.75, a V/Cr ratio exceeding 2 and a
U/Th ratio of 0.7. The normalisation relative to the “average
shale” led to decreasing V/V+Ni and V/Cr ratios, but values
of U/Th are higher (Fig. 4A). The geochemical character of
sample BUK 3B may be recognized as typical of
dysoxic/anoxic conditions, but without H,S (Lewan and
Maynard, 1982; Lewan, 1984; Jones and Manning, 1994;
Quinby-Hunt and Wilde, 1994; Veto et al., 1997).

In contrast to the BUK samples, the TR samples are simi-
lar geochemically, in spite of the varying TOC content. The
absolute amounts of many trace elements low. Values of the
enrichment factor are about 1 (Fig. 4B). However, increasing
TOC values correlate with increasing S amounts, and less
clearly with the amounts of Zn, V, As, Ba and Co. The
V/V+Ni ratio, being 0.7 for the dark TR 5 sample, may sug-
gest dysoxic conditions of the bottom water and corresponds
with the absence of benthos (Lewan and Maynard, 1982;
Lewan, 1984). The euhedral and massive forms of pyrite
within the TR samples indicate that the pyritization was
diagenetic (Wilkin et al., 1996; Wignall and Newton, 1998).
Precipitation of sulphides may be an explanation for the Zn,
As, Co enrichment (Brumsack, 1980, 1986). Likewise, some
elements might have been fixed into sediment in the reduction
stage at the expense of OM. The geochemical enhancement
may be related with absorption by clay minerals in the case of
the red TR samples.

The calciturbiditic samples (pelitic BW2, PSK1 and MC1)
are very low in trace elements (Table 1 and Fig. 4A). Based on
geochemical indicators, the presumption of oxic environment
is justifiable, and is in accordance with palaeontological con-
clusions. Numerous assemblages of calcareous foraminifers
suggest a biologically hospitable environment within the whole
water column.

THE CENOMANIAN/TURONIAN
MAGIEROWA MEMBER

The latest episode of organic matter deposition (OAE 2) was
dated as late Cenomanian to early Turonian. This event is re-
corded within the Magierowa Member. It is difficult to deter-
mine biostratigraphically. The planktonic foraminiferal assem-
blage in the lower part of the member corresponds to the early
part of the Rotalipora cushmani Zone of the middle
Cenomanian. The upper part of the Magierowa Mb. includes a
foraminiferal association indicative of the early Turonian
Helvetoglobotruncana  helvetica Zone (Birkenmajer and
Jednorowska, 1984). Therefore it is assumed that black shales
occurring between them represent the Late Rotalipora cushmani
to Early Helvetoglobotruncana helvetica Zone (after Gasinski,
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1983, 1988; Fig. 2). The Magierowa Member samples (MG)
consist of alternating beds of laminated black shales and of
bioturbated green mudstones. Trace fossils within green samples
are attributed to Chondrites. This material includes also sparse
agglutinated foraminiferal and pyritized radiolarian skeletons.
The black samples are of siliceous, laminated shales, completely
devoid of microfauna (Fig. 5C). Pyrite occurs sporadically as in-
dividual small euhedra and/or it forms of framboids.

ORGANIC MATTER AND INORGANIC GEOCHEMISTRY
IN THE CENOMANIAN/TURONIAN STRATA

The colour of samples is determined by the presence of or-
ganic matter. The TOC contents vary from 0.1% within green
samples to 1.9% within black shales. The temperature of maxi-
mum pyrolysis (Tpx) exceeds 465°C (Table 2). The high Tyx
values correlate with extremely low HI values and indicate the
post-maturity level of the kerogen. The diagram of hydrogen
index (HI) versus oxygen index (OI) shows a predominantly
type IV kerogen, termed inertinite (Fig. 6).

Petrographic analysis of the kerogen showed angular frag-
ments with preserved cell structures and wispy, amorphous
material belonging to macerals of the inertinite group. The
macerals are identified as semifusinite (Fig. 7H) sclerotinite
(Fig. 7F) and inertodetrinite (Fig. 7F).

The isotopic composition of organic carbon shows '*C en-
richment. The 8"°C value of kerogen varies from —23.9 to
—23.59 (n=3) (Table 3; Fig. 8) and was explained by input of
terrestrial organic matter (Dean ef al., 1986; Hoefs, 1997),
and so the organic matter accumulated within the Magierowa
Mb. sediment is of land plant provenance.

The Magierowa Member samples are characterized by a
negligible Ca content. In general, absolute concentrations of
trace elements correlate with TOC values (Table 1; Fig. 4A).
The correlation is clear between the organic carbon content and
the concentration of Ag, Cd, Mo, Zn, V, and weaker for U, Cr.
These elements might be bound by organic matter or by H,S un-
der euxinic conditions (Brumsack, 1980, 1989; Breint and
Wanty, 1991). The amounts of S are difficult to determine, be-
cause of oxidation of the sulphide minerals. The TOC values in-
crease with increased values of some indicative ratios: V/V+Ni,
V/Cr and U/Th. The V/V-+Niratios exceed 0.7 and V/Cr exceeds
2 in the black samples. The shale-normalisation induces de-
crease of the V/V+Ni and V/Cr ratios, but causes a higher U/Th
ratio (Table 1; Fig. 4A). The concentrations of As, Ba, Co, REE,
Cu, Mn, Ni and Y appear to be independent of TOC. Moreover,
all of the MG samples are characterized by low amounts of Mn.
The significant content of Al within the MG samples suggests
relatively high amounts of clay minerals.

The sedimentation rate of the Magierowa Member was slug-
gish, therefore trace elements diffused into sediment where they
were trapped by clay minerals and/or sulphides. The enrichment
of trace elements into the C-rich sediment could have oc-
curred under reducting conditions. The significantly high values
of V/V+Ni and V/Cr ratios indicate an anoxic environment
(Lewan and Maynard, 1982; Lewan, 1984; Jones and Manning,
1994). The same may be deduced from the low content of Mn
(Quinby-Hunt and Wilde, 1994; Veto et al., 1997).

INTERPRETATION

The first episode of organic matter deposition investigated is
dated as late Albian (Rotalipora subticinensis—R. ticinensis
Zone). Enhanced runoff from land brought with it a significant
amount of terrestrial material: organic particles and nutrients.
Detritic macerals (inertodetrinite and detrovitrinite) accumulated
on the shelf, close to the coast, in the Czorsztyn Succession
(Lower Pomiedznik Fm., JK samples; Fig. 9A). Due to excessive
organic flux and advanced coalification of the kerogen, it was
not completely oxidized. However, the water column was oxic
and the accumulation rate was sluggish. The nutrients and
low-density organic remains (amorphous) were widely distrib-
uted. The organic matter was deposited on the continental slope,
eg. in the Niedzica and Branisko successions (Lower Kapusnica
Fm., KP samples). Fertilization of the surface water stimulated
primary productivity and the development of an oxygen-mini-
mum zone in mid-water (Fig. 9A). This initially appeared in the
Czorsztyn Succession (in the Albian) and spread across the en-
tire Pieniny Basin (in the Vraconian). The upper part of the
Pomiedznik Fm. in the Czorsztyn Succession (HL sample) was
formed beneath the oxygen-minimum zone, under oxic condi-
tions (Fig. 9B). The upper part of the Kapusnica Fm. in the
Niedzica Succession (JG), in the Branisko Succession (ZAW)
and also in the Pieniny Succession (the Podskalnia Mt. section,
¢f- Bak, 1999) was deposited in a similar environment. On the
upper part of the slope (Czorsztyn and Niedzica successions) the
layer of oxygen-free water occasionally reached the bottom. At
the same time, a stagnant pool developed in the area of the
Grajcarek Succession, where the Wronine Fm. was deposited
(SZT, RZ) — Figure 9B.

The Cenomanian was a time of uniform pelagic deposition
of green and red marls in every unit of the Pieniny Basin. The
bottom water was generally oxic. The intercalations of black
shales represent records of enhanced C,, storage (middle
Cenomanian: Rotalipora reicheli-R. greenhornensis Zone).
The O, minimum zone moved back, covering only the shelf
and upper/middle slope (the Czorsztyn Succession, the
Niedzica Succession and part of the Branisko Succession;
Fig. 9C). In deeper parts of basin stagnant pools may have
formed, where the Skalski Mb. and the upper part of the
Trawne Mb. (TR 5) were deposited (Fig. 9C). Down the
slope, turbidity currents flowed that resulted in calciturbiditic
sequences with organic detritus (the Sneznica Mb. in the
Pieniny and Niedzica successions).

The black shales dated to the Cenomanian/Turonian bound-
ary interval (an analogue of the Bonarelli horizon) occur across
the whole Pieniny Basin: in the Czorsztyn Succession black
cherty interlayers (named as the Altana Beds) are inserted within
the red marl and marly shales of the Pustelnia Mb., while in the
Niedzica and Branisko successions Cgg-rich shales are
interbedded with by green marls; in the Pieniny Succession they
form a thick sequence of cherty black and green shales (the
Magierowa Mb.). The geochemistry of the Magierowa Mb. indi-
cates that it was deposited under anoxic/euxinic conditions (Fig.
9D). It is possible that this stagnant basin was formed in a hallow
of the sea bed. Isolated basins, which were anoxic or even H,S
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bearing, existed on the shelf (Fig. 9D). The slope was still occu-
pied by the oxygen minimum zone (Bak and Bak, 1994; Bak and
Sawtowicz, 2000).

Summarizing, the episodes of C,, deposition may reflect a
change in the nutrient supply from land, production of saline
bottom waters that formed stagnant pools, or periodic changes
from negative (little land runoff, high evaporation, flow of nu-
trient-depleted surface water into the basin) towards positive
(large land runoff, low evaporation, flow of nutrient-rich sur-
face water out to the open ocean) fresh-water balance. Large
runoff brought with it a significant amount of terrigenous or-
ganic matter, which was quickly buried in a marine environ-
ment. The resulting anoxic processes correspond well with the
model of a “Detrital Anoxic Event” (Erbacher and Thurow,
1995). The organic carbon content was controlled by C,, flux
(productivity and vertical Coy,. flux) and inorganic accumula-
tion rate (Stein, 19864, b; Einsele, 2000). Fresh-water input de-
creased the water temperature and the nutrient content of the
surface water (Hay, 1995). The plankton productivity and oxi-
dation of organic particles led to consumption of O, at mid-wa-
ter levels (‘“Productivity Anoxy Event” c¢f. Michalik et al.,
1999). The expanding oxygen-minimum zone could occupy
the whole water column and form stagnant pool conditions
(“Stagnant Anoxic Event” ¢f. Michalik ef al., 1999).

CONCLUSIONS

1. Pelagic deposition of black levels within the lower part of
the Pomiedznik Fm. (sample JK 2, the Czorsztyn Succession)
and the Trawne Mb. (sample PA 2, the Branisko Succession)
occurred under oxic conditions. The organic matter (terrestrial
detrovitrinite and angular inertinite) was preserved because of
excessive supply of organic particles.

High productivity and vertical flux of organic matter have
influenced deposition of the lower part of the Kapusnica Fm.
in the Branisko Succession (KP sequence). Decomposition of
terrestrial (collinite) and marine (bituminite) organic remains
produced a mid-water oxygen-minimum zone. Deposition of
the KP sequence took place under poorly oxygenated or
anoxic conditions. The lower part of the turbiditic Trawne
Mb. contains terrestrial organic matter. The content of or-
ganic matter was probably sufficient to cause reduction of
sediments. The redox condition could be also inherited. The
measured trace element enrichment may have been the effect
of fixation by reactive terrestrial organic matter and of
diagenetic pyritization.

2. The environment of deposition of the upper part of the
Pomiedznik Fm. (HL sequence) seems to have been dependent
on primary productivity (bituminite) and the supply of terrestrial

(collinite) organic matter. Oxidation of OM occurred within the
mid-water oxygen-minimum zone that occasionally reached the
bottom. The enrichment in trace elements is related to the precip-
itation of sulphides caused by diagenetic processes of degrada-
tion of OM and euxinia during of sedimentation.

The deposition of the Upper Kapusnica Fm. in the Niedzica
Succession (JG sequence) occurred in an oxygen-free or even
H,S-bearing environment, where trace elements were absorbed
from water during slow accumulation and trapped into
sulphides or into reactive OM (terrestrial collinite and
bituminite — algal provenance).

The ZAW section (Upper Kapusnica Fm.; the Branisko
Succession) was deposited under acrobic conditions, below an
oxygen-minimum zone formed due to oxidation of terrestrial
and marine organic matter. The partial redeposition of detrital
material cannot be excluded.

The possible chemical regime during depositial of the RZ
and SZT samples (the Wronine Fm.; the Grajcarek Succession)
was similar to a stagnant basin, where massively accumulated
OM induces the reduction of oxygen within bottom water. The
enrichment in trace elements was the consequence of trapping
by organic matter or by precipitated sulphides.

3. The deposition of the BUK section (the Jaworki Fm.; the
Niedzica Succession) took place in a pelagic regime. The bulk
of supplied organic matter (telinite, collinite) was sufficient for
oxygen exhaustion. Trace element enrichment during
diagenesis cannot be excluded.

The geochemistry of sample TR 5 (upper part of the
Trawne Mb.; the Branisko Succession) may suggest dysoxic
conditions of the bottom water. The enrichment in selected
metals might be explained by the precipitation of sulphides;
some elements were fixed into the sediment on the reduction
step at the expense of OM.

The oxic environment for the calciturbiditic sediments
(BW, PSK, MC) of the Jaworki Fm. in the Niedzica Succession
can be explained by redeposition of the organic particles
(detrovitrinite).

4. The deposition of the Magierowa Mb. (the Pieniny Suc-
cession) took place under anoxic (black shales) occasionally
changing to oxic/dysoxic conditions (green layers). Degradation
of organic matter and a low sedimentation rate led to exhaustion
of oxygen. The whole water column was anoxic; occasionally
the boundary of anoxity went up above the bottom level.
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