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Abstract: The Oligocene Grybów Succession is recognized as a counterpart of the anoxic Menilite Formation. Its
comprehensive geochemical investigations are made in the key sections of the Ropa Tectonic Window (the
Grybów Unit, Polish Outer Carpathians). The maceral assemblages, dominated by land-plant liptinite, vitrinite
and intertinite, correspond to kerogen types II and III. A Tmax vs. HI diagram shows terrestrial kerogen type II with
various additions of type III and algal kerogen type I. A variation in �

13Corg. (from –25.21 to –27.38‰) may have
resulted from variations in the composition of organic matter (the content of terrestrial vs. marine organic matter),
controlled by depositional setting (turbidite vs. hemipelagic). The highest TOC contents are associated with an
enhanced influx of land-derived organic matter. The redox-sensitive trace elements positively correlate with TOC
and TS contents. Redox conditions varied between oxic and anoxic, as was concluded from TOC-TS, V/(V+Ni)
and U/Th. The turbidity currents might have ventilated the bottom waters, especially more efficiently in the
proximal zone of turbidite sedimentation. Moreover, oxygenated bottom waters may have also affected the con-
centration of trace metals, owing to migration of the redox interface downward within the sediments.
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INTRODUCTION

Near the Eocene-Oligocene boundary (EOB), the Earth’s
climate shifted towards cooler conditions. Changes in oce-
anic circulation, because of the opening of the Southern
Ocean gateways (Kennett, 1977), a drop in atmospheric
pCO2 (DeConto and Pollard, 2003; Pagani et al., 2005), and
diminishing insolation (Coxall et al., 2005), resulted in
global cooling and the Antarctic glaciation (Diester-Haass,
1991; Zachos et al., 1993; Liu et al., 2009). A lowering sea
level and limited water circulation led to O2-poor conditions
in the Early Oligocene Paratethys. The decrease in pCO2 in
the ocean-atmosphere system possibly was related to inten-
sified weathering on the continent and accompanied organic
carbon burial in the ocean. This climatic stress inhibited
oceanic productivity, eventually causing a large-scale extin-
ction (Prothero, 1994). The geochemical fingerprints of the
EOB extinction have been discussed by many researchers
(e.g., Asaro et al., 1982; Sarkar et al., 2003a, b).

The Oligocene, anoxic black shale facies in the Tethys/
Paratethys region spread from the Alpine Molasse Basin
throughout the Carpathian region to the Caspian Basin (Vetö,

1987; Vetö and Hetényi, 1991; Krhovský, 1995; Soták et al.,
2001; Popov et al., 2004; Schultz et al., 2005; Puglisi et al.,
2006; Sachsenhofer and Schulz, 2006).

The bituminous shales of the Menilite Formation repre-
sent one of the Oligocene black shales of the Paratethys co-
mmonly accepted as representing an anoxic environment
(Vetö and Hetényi, 1991; Rospondek et al., 1997; Köster et

al., 1998; Soták et al., 2001; Kotarba and Koltun, 2006).
The Oligocene Podgrybowskie Beds and the Grybów Marl
Formation (also known as the Grybów Beds) of the Grybów
Unit are recognized as a counterpart of the Menilite Forma-
tion. The Grybów Unit developed on the most southern
slope of the Silesian Basin. Therefore, the Podgrybowskie
Beds and the Grybów Marl Formation represent the more
external facies by comparison with those of the Menilite
Formation (Bieda et al., 1963; Ksi¹¿kiewicz, 1977). A par-
tial isolation of the Carpatho-Pannonian basins and climatic
changes in the Early Oligocene (NP23 nannoplankton zone)
resulted in the onset of estuarine circulation and then devel-
opment of a stagnant regime (Black Sea model; Soták,



2008, 2010). However, Kotlarczyk et al. (2006) negated the
commonly held view of estuarine circulation in the Carpa-
thians Basin. Kotlarczyk and Uchman (2012) concluded
that the depositional scenario of the black shales of the Me-
nilite Formation to a limited extent can be referred to the
Black Sea model. The water column was entirely anoxic
only during a short period in the middle part of Rupelian,
whereas the upper part of the formation was deposited in the
basin with anoxia limited to the basin floor or to the upper
slope; the latter situation may have been related to an oxy-
gen-minimum zone, caused by upwelling events.

The depositional environment, including redox condi-
tions, salinity and input of organic matter was studied in the
Oligocene formations, using organic geochemistry (kero-
gen description and biomarkers), stable isotopes composi-
tion in carbonates (�13C carb., �18O) and in kerogen and hy-
drocarbons (�13C org.), sedimentological and microfacies
analyses (e.g., Zachos et al., 1996; Rospondek et al., 1997;
Köster et al., 1998; Wiêc³aw, 2002; Sarkar et al., 2003a, b;
Kotarba and Koltun, 2006; Sachsenhofer et al., 2009; So-
ták, 2010; Bechtel et al., 2012; Bojanowski, 2012).

It is worth asking whether any such chemical records
could be found in the Oligocene succession of the Grybów
Unit. Wójcik-Tabol (2015) used such indices as U/Th,
V/(V+Ni), Ni/Co, TOC, and TOC/S in an attempt to inter-
pret the redox conditions of the Oligocene sediments of the
Grybów Unit in the Grybów Tectonic Window.

In this paper, comprehensive geochemical investigations
(stable carbon isotope ratio and major, and trace-elements va-
riation, kerogen examination) of Oligocene sediments are re-
ported for key sections of the Ropa Tectonic Window (Gry-
bów Unit). The data sets obtained are compared to those of

other Oligocene black shales of the Paratethys, known from
the literature, to distinguish the different sedimentary envi-
ronments of the basin.

GEOLOGICAL SETTING

The Fore-Magura Group of units, including the Gry-
bów Unit (Œwidziñski, 1963), were formed in front of the
Magura Nappe thrust. Deposits of the Grybów Unit are ex-
posed only in tectonic windows in the Magura Nappe. Ele-
ven tectonic windows of such affinity have been distingui-
shed in the Polish part of the Magura Nappe (Fig. 1). The
Grybów succession consists mainly of Late Eocene–Oligo-
cene deposits (Sikora, 1960; Kozikowski, 1956; Osz-
czypko-Clowes and Oszczypko, 2004; Oszczypko-Clowes
and Œl¹czka, 2006; Oszczypko-Clowes, 2008; Oszczypko
and Oszczypko-Clowes, 2011), which starts with the Eo-
cene Hieroglyphic Beds (Sikora, 1960, 1970), composed of
greenish grey and dark grey shales, with intercalations of
glauconitic sandstones. The Upper Eocene is represented by
green marls, corresponding to the Globigerina Marl. This
lithostratigraphic division is widespread and isochronous in
all major units of the Outer Carpathians and the adjacent
basins (Olszewska, 1983; Leszczyñski, 1997).

The Oligocene sediments are developed as a series of
150 m-thick, greenish grey and brownish black, marly sha-
les, intercalated with micaceous and glauconitic sandstones
of the Podgrybowskie Beds (P-GBs; Kozikowski, 1956).
They are overlain by the Grybów Marl Formation (GMF;
Oszczypko-Clowes and Œl¹czka, 2006), which is also
known as the Grybów Beds (Kozikowski, 1956). This for-
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Fig. 1. Geological map of the central part of the Polish Carpathians, showing the location of the Ropa Tectonic Window (after Lexa et

al., 2000, modified); BU – Bystrica Unit, KU – Krynica Unit, RU – Raèa Unit, SU – Siary Unit.



mation is up to 200 m thick. It occurs as a series of brownish
black, platy-parting marls, with rare interbeds of grey marls
and sandstones, and siliceous marls with cherts in the
highest part of the formation. The youngest sediments of the
Grybów Unit belong to the Krosno Beds (Kozikowski, 1956;
Oszczypko-Clowes, 2008; Oszczypko and Oszczypko-Clo-
wes, 2011), which are developed as a 400 m-thick series of
grey, calcareous shales and micaceous sandstones. The bio-
stratigraphical position of the series studied is the NP 24 na-
nnoplankton zone (Oszczypko-Clowes, 2008).The Ropa Te-
ctonic Window is located ca. 15 km SW of Gorlice (Fig. 1). It
is up to 12 km long and 3 km wide. The investigations pre-
sented are focused on two sections, located on the northern
slope of the Beskid Niski Range, along the Górnikowski
and Che³mski creeks, which are left-bank tributaries of the
Ropa River (Fig. 2). These sections were described by Ko-
zikowski (1956), Sikora (1960, 1970), Œl¹czka (1973), Osz-
czypko-Clowes (2008) and Oszczypko-Clowes et al. (2015).
The sections consist of strata referable to three thrust sheets.

MATERIALS AND METHODS

The samples were collected by Marta Oszczypko-Clo-
wes during field work in 2002 and 2005. A sketch of litho-
stratigraphic column of the Ropa Tectonic Window is pre-
sented in Figure 3. The samples collected are shown in de-
tail in Oszczypko-Clowes (2008, Fig. 3) and Oszczypko-
Clowes et al. (2015, Fig. 3). They were taken from fine-grai-
ned sediments, including grey, green and brown mudstones
and marls showing diverse carbonate content. The sections
investigated were sampled continuously through the strata of
three thrust sheets. They comprise a complete sequence from
the Podgrybowskie Beds (11 samples) through the Grybów
Marl Formation (16 samples) to the Krosno Beds (3 samples).

Organic petrology analysis was carried out on thirteen
thin sections, using a Nikon-Eclipse 600 POL polarized
(transmitted and reflected) light microscope, equipped with
a mercury lamp, an excitation filter (EX 450–490 nm),
dichroic mirror (DM 505 nm), and barrier filter (BA 520 nm)
for investigations under blue UV light. The optical studies
were conducted in the Institute of Geological Sciences of the
Jagiellonian University.

The quantity of organic carbon (wt. % TOC) and type
of kerogen were analysed in 15 samples of dark grey and
brown marl and mudstone (five of Podgrybowskie Beds and
ten of Grybów Marl Formation) by pyrolysis, using a Rock-
Eval Model II instrument (for analytical details, see Espi-
talié et al., 1985; Espitalié and Bordenave, 1993) at the Pe-
trogeo Laboratory, Kraków.

Stable carbon isotopes were analysed for the organic
matter of ten samples containing > 0.5 wt. % TOC. Before
the carbon isotope analyses, the material was dried and
washed with a 0.3M HCl solution in order to remove inor-
ganic carbon phases. The material was combusted with CuO
wire, under a vacuum at 900°C, using the sealed quartz tube
method (Skrzypek and Jêdrysek, 2005). The CO2 obtained
was cryogenically purified prior to transfer to a mass spec-
trometer. The analysis was conducted, using Finnigan
Delta-V equipment. The �13C values were normalized to
NBS-22 and USGS-24 international standards and then re-
ported to the international Pee Dee Belemnite (VPDB) scale
(Coplen et al., 2006). The analytical precision was ±0.03‰.
The isotopic analyses were performed by the Laboratory of
Isotope Geology and Geoecology at Wroc³aw University.
Thirty samples were chosen for geochemical studies. These
samples represent a complete sequence from the Podgry-
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Fig. 2. Location of the sections studied; GPS coordinates of
sampled parts of sections are given (after Oszczypko-Clowes et

al., 2015, simplified)

Fig. 3. Schematic lithostratigraphic column of the Grybów Su-
ccession in the Ropa Tectonic Window (modified after Sikora,
1970; Oszczypko-Clowes, 2008).



bowskie Beds (eleven samples of marls and mudstones)
through the Grybów Marl Formation (sixteen samples of
marls and mudstones) to the Krosno Beds (two samples of
mudstones and one sample of claystone). The rock samples
were hand-pulverized in an agate mortar and pestle to the
fraction passing 200 mesh. Sample amounts of typically
0.2 g dry weight pulp were decomposed by lithium borate
fusion and dilute acid digestion before a classical whole-
rock analysis by ICP emission spectrometry. Samples were
analysed for eleven oxides (SiO2, Al2O3, Fe2O3, MgO,
CaO, Na2O, K2O, TiO2, P2O5, MnO, Cr2O3) and loss on ig-
nition (LOI), which is calculated from the weight difference
after ignition at 1000 °C. Trace element contents were de-
termined through the ICP-MS technique (ACME Analytical
Laboratories, Ltd., 2013). A Leco device was used in total
sulphur (TS) analysis (ACME Analytical Laboratories,
Ltd., 2013). The amounts of major, minor and trace ele-
ments in the material studied were compared to those in the
standard average shales (Wedepohl, 1971).

RESULTS

Organic petrography

An abundant maceral inventory was found in the dark
grey and brown samples of the Podgrybowskie Beds and the

Grybów Marl Formation. The assemblages are dominated
by land-plant-derived macerals of the liptinite group, asso-
ciated with minor amounts of vitrinite and intertinite.

The liptinite macerals, including sporinite, cutinite,
resinite, and alginite (altered in bituminite) revealed orange
brown and yellow luminescence in blue light (Fig. 4A–E).
The green and grey samples contain only scarce black phy-
toclasts. The black debris is often structured (50–100 µm in
diameter and elongated form up to 500 µm long) and shows
white reflectance (Fig. 4F, G). It was defined as the mace-
rals vitrinite and inertinite.

Organic matter is commonly accompanied by pyrite. In
samples of the dark grey and dark brown marls, pyrite is
abundant and adopts diverse forms, including numerous
framboids, crystals, and massive lumps (Fig. 4). Their di-
ameter ranges from 3 to 15 µm, from 5 to 10 µm, and up to
100 µm, respectively.

Rock-Eval pyrolysis indices

The Podgrybowskie Beds contain relatively low amo-
unts of organic matter. Total organic carbon (TOC) content
ranges from 0.18 to1.25 wt.%, with HI values varying be-
tween 62 and 146 mg HC/g TOC (Table 1). Values of Tmax
range from 436 to 445 oC and define kerogen type II and III
on the Tmax versus HI cross-plot (Fig. 5).
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Fig. 4. Polarized light photomicroimages. A–E. Liptinite macerals and pyrite grains, UV blue illumination. F, G. Vitrinite and
inertinite macerals and pyrite grains, reflected light; Py – pyrite, L – liptinite, V – vitrinite, I – inertinite.



The TOC contents of the Grybów Marl Formation are
typically in the range of 0.15–2.3 wt. % with outliers at 4.86
and 5.68 wt. % TOC (Table 1). The highest values of TOC
are found in brownish black marly shales in the Che³mski
section. In contrast, low organic carbon contents (< 0.5 wt.
% TOC) are obtained from grey and olive green samples of
the Górnikowski section. Tmax values are 438–454 °C. Dia-
gram of Tmax vs. HI shows that the samples represent ma-
ture (oil prone) kerogen type II with varying additions of
type III. Kerogen type I is found only in one sample 19/05
(Fig. 5).

Stable isotope composition of organic matter

The �13Corg values range from –25.21 to –27.38 ‰ in
the Podgrybowskie Beds and the Grybów Marl Formation
(Table 1). The �13Corg values decrease from the Podgry-
bowskie Beds to the Grybów Marl Formation to –27.38 ‰
(sample 16/05) and rises afterward to –26.27 ‰ (sample
15/05). The upper part of the Grybów Marl Formation dis-
plays a positive �13Corg. excursion to -25.21 ‰ (sample
19/05), followed by a fall to –27.01 ‰ (sample 20/05). Gen-
erally, �13Corg. values become lower with rise of TOC and
decrease of HI values in all samples (Fig. 6A, B).

Redox indicators

Carbon–sulphur relationships

Sulphate reduction, being coupled to the oxidation of
sedimentary organic matter, can be expressed as TOC/TS
ratios. TOC/TS in normal marine conditions is 2.8 ± 0.4. In
contrast, values of TOC/TS > 2.8 are believed to indicate a
brackish condition, whereas significantly lower TOC/TS
values possibly reflect sulphate reduction (Berner and Rais-
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Fig. 5. Discriminant cross-plot of HI vs. Tmax for organic matu-
rity and kerogen type. Maturity paths of individual kerogen types
after Espitalié et al. (1985); Rr – vitrinite reflectance scale.

Fig. 6. Stable isotopic composition of the Grybów Unit sam-
ples. A. Correlation between �

13Corg. and TOC. B. Diagram of
�

13Corg. vs. Hydrogen Index.

Fig. 7. Plot of TOC-rich samples of the Grybów Succession
within the organic TOC vs. TS variation diagram.



well, 1983). Under euxinic bottom water, bacterial sulphate
reduction occurs both in the water column and the sedi-
ments (Raiswell and Berner, 1985). The calculated TOC/TS
ratios for the Oligocene samples studied vary from 0.32 to
3.32 with two outliers at 10.25 and 54 (Table 1), indicating
that conditions varied from brackish to euxinic. In the
TOC-TS plots (Fig. 7), many samples are located within the
field of “normal marine”. Two samples (16/05, 19/05) from
the Grybów Marl Formation are located in the anoxic-euxi-
nic field and two others (31/02, 20/05) are S-depleted,
which is typical for a brackish environment. The TOC/TS
ratios could have been seriously affected by conditions both
euxinic and brackish, as in the Black Sea today and proba-

bly in the Paratethys during NP23 time (e.g., Schultz et al.,
2005; Soták, 2010). Post-depositional processes, which pro-
bably were responsible for the formation of the euhedras
and large framboids of pyrite and the diagenetic degradation
of organic matter, also may have altered the TOC/TS ratios
and caused underestimation of them.

Redox-sensitive trace elements (RSTE): U, Mo, V, Ni

The distributions of U, Mo, V and Ni normalised to Al
are presented in diagrams (Fig. 8). In general, the concentra-
tions of redox-sensitive trace elements in the Podgrybow-
skie Beds are fairly low. The only exception is sample 1/07.
The amounts of redox-sensitive trace elements (RSTE) tend
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Table 1

Chemical composition, Rock-Eval pyrolysis data and stable isotopic composition (�13Corg. of organic matter) for samples
from the sedimentary succession of the Grybów Unit studied

Górnikowski II Górnikowski III

Podgrybowskie Beds Grybów Marl Formation
Krosno
Beds

Grybów Marl
Formation

Unit MDL
stan-
dards

R15/02 R16/02 18/02 19/02 20/02 21/02 22/02 23/02 24/02 25/02 26/02 27/02 28/02 31/02 32/02 35/02 36/02 37/02

STD
SO-18;

(1)
STD
DS8;
(2)

STD
CSC

brown
lamina-

ted
mud-
stone

light
brown
lamina-

ted
mud-
stone

green
soft

mud-
stone

grey
platy
marl

ight
brown
lamina-

ted
mud-
stone

greyish
green
soft
marl

(marly
shale)

green
soft
marl

brown
platy
marl

(marly
shale)

yello-
wish
mud-
stone

grey
marl

green
mud-
stone

grey
marl

light
brown
mud-
stone

grey
marl

grey
mud-
stone

green
mud-
stone

brown
marl

brown
mud-
stone

(marly
shale)

SiO2 % 0.01 58.11 n.d. n.d. 52.36 38.37 57.43 43.85 41.62 36.96 46.92 38.71 41.75 39.29 43.65 36.06 42.13 44.54 36.92 42.77

Al2O3 % 0.01 14.09 n.d. n.d. 15.83 10.54 13.18 13.66 13.51 12.83 13.17 12.86 13.76 12.07 15.42 13.07 12.15 14.07 13.12 12.54

Fe2O3 % 0.04 7.60 n.d. n.d. 6.93 7.61 6.43 6.12 5.81 5.83 6.70 5.71 6.08 5.79 5.42 4.68 4.57 5.94 5.46 5.49

MgO % 0.01 3.37 n.d. n.d. 3.27 2.43 2.12 2.94 2.90 2.32 3.03 2.36 2.80 2.93 2.12 1.65 3.94 3.48 2.16 2.21

CaO % 0.01 6.31 n.d. n.d. 5.73 19.30 6.46 13.46 15.53 19.62 11.48 18.76 14.75 18.14 12.92 20.32 15.24 11.92 19.45 16.54

Na2O % 0.01 3.71 n.d. n.d. 0.99 0.45 1.25 0.80 0.80 0.68 1.38 0.76 0.79 0.90 0.83 0.53 0.66 0.90 0.63 0.98

K2O % 0.01 2.17 n.d. n.d. 2.92 1.63 2.32 2.80 2.82 2.40 2.25 2.58 2.83 2.22 3.01 2.70 2.49 2.62 2.48 2.46

TiO2 % 0.01 0.69 n.d. n.d. 0.78 0.39 0.73 0.67 0.66 0.58 0.76 0.61 0.69 0.60 0.64 0.58 0.56 0.71 0.57 0.62

P2O5 % 0.01 0.83 n.d. n.d. 0.12 0.08 0.08 0.12 0.11 0.12 0.14 0.10 0.14 0.17 0.10 0.06 0.11 0.15 0.12 0.13

MnO % 0.01 0.40 n.d. n.d. 0.25 0.26 0.18 0.17 0.14 0.18 0.11 0.10 0.13 0.23 0.09 0.08 0.08 0.18 0.13 0.09

Cr2O3 % 0.00 0.56 n.d. n.d. 0.02 0.01 0.03 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.03

LOI % -5.10 1.90 n.d. n.d. 10.60 18.70 9.60 15.20 15.90 18.20 13.80 17.20 16.10 17.4 15.60 20.00 17.90 15.30 18.70 15.90

Th ppm 0.20 10.90 n.d. n.d. 13.40 7.40 11.00 11.40 12.30 10.20 10.80 11.90 11.50 9.60 12.90 11.70 9.80 11.80 11.10 10.90

U ppm 0.10 17.30 n.d. n.d. 2.90 2.80 3.30 3.10 3.10 3.40 2.80 2.90 2.70 2.70 3.10 2.30 3.50 4.30 7.20 5.80

V ppm 8 212 n.d. n.d. 149 101 122 140 137 137 125 138 135 115 155 139 130 129 177 160

Mo ppm 0.10 14 (1) n.d. n.d. 0.40 0.60 1.50 0.50 0.50 1.40 0.70 0.40 1.30 0.40 1.00 0.60 1.10 0.70 5.60 5.30

Ni ppm 0.10 38.9 (1) n.d. n.d. 81.90 61.90 61.40 70.70 66.50 75.40 71.90 87.10 76.40 60.50 73.90 53.90 64.50 68.10 101.10 92.10

TS % 0.02 4.16 (2) n.d. n.d. n.d. n.d. 0.36 0.07 0.04 0.25 n.d. 0.22 0.03 0.13 0.25 0.04 0.41 0.14 0.81 0.98

Mo/U n.d. n.d. 0.14 0.21 0.45 0.16 0.16 0.41 0.25 0.14 0.48 0.15 0.32 0.26 0.31 0.16 0.78 0.91

U/Th n.d. n.d. 0.22 0.38 0.30 0.27 0.25 0.33 0.26 0.24 0.23 0.28 0.24 0.20 0.36 0.36 0.65 0.53

V/(V+Ni) n.d. n.d. 0.65 0.62 0.67 0.66 0.67 0.65 0.63 0.61 0.64 0.66 0.68 0.72 0.67 0.65 0.64 0.63

TOC/TS n.d. n.d. n.d. n.d. 0.50 n.d. n.d. 2.64 n.d. 0.68 n.d. n.d. 3.28 10.25 n.d. n.d. 1.47 1.34

Tmax °C 443 436 n.d. n.d. 445 n.d. n.d. 443 n.d. 438 n.d. n.d. 440 442 n.d. n.d. n.d. n.d.

TOC wt.% 1.25 0.19 n.d. n.d. 0.18 n.d. n.d. 0.66 n.d. 0.15 n.d. n.d. 0.82 0.41 n.d. n.d. n.d. n.d.

HI
mg

HC/g
TOC

124 89 n.d. n.d. 116 n.d. n.d. 146 n.d. 193 n.d. n.d. 171 107 n.d. n.d. n.d. n.d.

OI

mg
CO2/

g
TOC

32 36 n.d. n.d. 188 n.d. n.d. 68 n.d. 60 n.d. n.d. 31 85 n.d. n.d. n.d. n.d.

�
13C org. ‰ -26.10 n.d. n.d. n.d. n.d. n.d. n.d. -26.26 n.d. n.d. n.d. n.d. -26.94 n.d. n.d. n.d. n.d. n.d.

MDL – method detection limit; n.d. – no data, the sample was not analyzed



to increase in the Grybów Marl Formation with a maximum
in sample 16/05. The RSTE contents correlate positively
with TOC and S. The Pearson correlation coefficient is be-
tween 0.69 and 0.89, except for Ni vs. TOC, which exhibits
a much weaker correlation (0.22; Table 2). The dark grey
and brownish black samples enriched in TOC and TS are
also enriched in RSTE, whereas samples enriched only in
TOC (28/02, 28/05 and 30/05, 20/05) are not enriched in
Mo and Ni. This indicates that Ni and Mo are bound to sul-
phides rather than to organic matter. All of these trace met-
als show negative or no correlation with Al2O3 (Fig. 9; Ta-
ble 2), which indicates their non-detrital contribution.

Mo/U varies from 0.03 to 1.04 in the samples studied.
The V/(V+Ni) ratio ranges from 0.61 to 0.83. One outlier of
0.42 was estimated for sample 1/07 from the Podgrybowskie

Beds. The U/Th ratios for the deposits studied range from 0.2
to 1, with one outlier (sample 16/05) at 1.6 (Table 1).

DISCUSSION

Organic matter contribution

The maceral composition of the dispersed organic mat-
ter indicates a huge terrestrial input in the sediments of the
Grybów succession. However, some contribution of marine
organic matter cannot be excluded for some pelagic sedi-
ments of the Grybów Marl Formation (e.g., samples 17/05,
19/05).

The liptinite, predominant in maceral assemblages of
the samples studied, originated from waxes and resins of the
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Table 1 continued

Che³mski I Che³mski II Che³mski III

Grybów Marl Formation
Krosno
Beds

Podgrybowskie Beds
Grybów Marl

Formation

Grybów
Marl

Forma-
tion

Krosno
Beds

Unit MDL
stan-
dards

16/05 15/05 18/05 19/05 20/05 21/05 1/07 24/05 26/05 28/05 30/05 31/05 33/05 34/05 av.sh

STD
SO-18;
(1) STD
DS8; (2)

STD
CSC

brown
mud-
stone

(marly
shale)

brown
marl

light
brown
mud-
stone

(marly
shale)

brow-
nish
black
mud-
stone

(marly
shale)

brown
mud-
stone

gree-
nish grey

mud-
stone

(marly
shale)

dark
grey

fissile
mud-
stone

grey
clay-
stone

green
platy
marl

grey
platy
marl

brown
marl

(marly
shale)

grey
marl

(marly
shale)

green
mud-
stone

grey
spoty
clay-
stone

SiO2 % 0.01 58.11 35.76 28.18 39.44 37.33 50.51 45.91 62.87 58.21 39.28 40.18 41.60 38.90 46.19 54.89 58.90

Al2O3 % 0.01 14.09 11.92 9.24 13.16 12.26 12.33 13.06 8.10 18.68 13.62 13.45 13.19 13.76 13.57 21.91 16.70

Fe2O3 % 0.04 7.60 7.44 3.67 6.40 4.88 5.60 4.14 7.88 6.78 4.49 5.17 5.66 5.96 5.61 5.47 6.90

MgO % 0.01 3.37 1.45 1.51 2.73 1.55 1.23 2.28 1.60 2.82 1.87 2.01 1.89 2.35 2.97 2.67 2.60

CaO % 0.01 6.31 16.50 27.81 15.51 17.44 8.99 13.58 7.67 0.60 18.15 17.33 15.09 17.02 10.75 0.70 2.20

Na2O % 0.01 3.71 0.43 0.44 0.84 0.46 0.53 0.79 0.68 0.89 0.73 0.75 0.54 0.74 0.70 0.97 1.60

K2O % 0.01 2.17 2.12 1.75 2.52 2.17 2.40 2.67 1.26 3.76 2.87 2.76 2.70 2.71 2.79 5.03 3.60

TiO2 % 0.01 0.69 0.55 0.38 0.63 0.61 0.57 0.67 0.66 0.83 0.58 0.59 0.58 0.60 0.64 0.94 0.78

P2O5 % 0.01 0.83 0.15 0.13 0.12 0.13 0.19 0.13 0.06 0.09 0.06 0.08 0.11 0.13 0.12 0.09 0.16

MnO % 0.01 0.40 0.30 0.12 0.15 0.34 0.03 0.08 0.18 0.03 0.18 0.08 0.07 0.15 0.20 0.04 n.d.

Cr2O3 % 0.00 0.56 0.02 0.02 0.03 0.02 0.02 0.02 0.01 0.02 0.01 0.01 0.02 0.02 0.02 0.02 n.d.

LOI % -5.10 1.90 23.10 26.50 18.20 22.60 17.40 16.50 8.90 7.10 17.90 17.40 18.30 17.40 16.30 7.10 n.d.

Th ppm 0.20 10.90 9.80 7.60 11.30 10.80 9.70 12.00 8.10 14.70 12.20 11.90 11.00 12.10 11.50 17.90 n.d.

U ppm 0.10 17.30 15.50 7.40 7.20 9.90 8.20 4.00 4.30 2.80 2.10 2.20 5.30 2.40 6.10 3.40 3.70

V ppm 8 212 377 190 168 189 223 122 85 177 130 137 176 148 182 204 130.00

Mo ppm 0.10 14 (1) 13.60 7.70 4.80 9.80 4.80 0.90 3.40 0.40 0.20 0.20 1.80 0.40 5.20 0.10 1.00

Ni ppm 0.10 38.9 (1) 125.80 70.30 101.20 105.20 56.30 42.00 116.00 92.50 47.20 48.10 71.70 85.40 66.10 41.10 68.00

TS % 0.02 4.16 (2) 3.57 0.81 1.15 1.91 0.09 0.07 1.42 0.06 n.d. 0.08 0.69 0.13 0.48 n.d. n.d.

Mo/U 0.88 1.04 0.67 0.99 0.59 0.23 0.79 0.14 0.10 0.09 0.34 0.17 0.85 0.03 0.27

U/Th 1.58 0.97 0.64 0.92 0.85 0.33 0.53 0.19 0.17 0.18 0.48 0.20 0.53 0.19 n.d.

V/(V+Ni) 0.75 0.73 0.62 0.64 0.80 0.74 0.42 0.66 0.73 0.74 0.71 0.63 0.73 0.83 0.66

TOC/TS 1.59 1.91 n.d. 0.83 54.00 n.d. 0.32 n.d. n.d. n.d. 3.33 n.d. n.d. n.d. n.d.

Tmax °C 447 446 n.d. 449 445 n.d. 444 n.d. n.d. n.d. 444 n.d. n.d. n.d. n.d.

TOC wt.% 5.68 1.55 n.d. 1.59 4.86 n.d. 0.45 n.d. n.d. n.d. 2.3 n.d. n.d. n.d. n.d.

HI
mg

HC/g
TOC

163 200 n.d. 569 126 n.d. 62 n.d. n.d. n.d. 152 n.d. n.d. n.d. n.d.

OI
mg

CO2/g
TOC

14 30 n.d. 19 29 n.d. 111 n.d. n.d. n.d. 15 n.d. n.d. n.d. n.d.

�
13C org. ‰ -27.38 -26.27 n.d. -25.21 -27.01 n.d. n.d n.d. n.d. n.d. -26.75 n.d. n.d. n.d. n.d.
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land plants admixed with zoo- and phytoplankton. They are
the main components of kerogen types I and II (Peters and
Moldowan, 1993). The black phytoclasts, defined as the
macerals vitrinite and inertinite, are characterized by the
high-C remnants of land plants. They are the chemical equi-
valents of type III and type IV of kerogen, respectively (Pe-
ters and Moldowan, 1993).

Pyrolysis data and the maceral assemblage correspond
to isotope composition of Corg. The variation in �13Corg. in
the Grybów Unit sediments investigated is a function of
supply of isotopically lighter terrigenous organic matter
versus productivity pulses and varying amounts of autoch-
thonous isotopically heavier organic matter (Meyers, 1994).
The TOC peaks are correlated with an enrichment in 12C,
which indicates the enhanced supply of land-derived or-
ganic matter.

The �13Corg.values of –27.38 ‰ associated with rela-
tively low HI probably reflects the increasing terrestrial de-
livery of organic matter in the TOC-rich marly shales (sam-
ple 16/05). The later rise of �13Corg. to –26.27 ‰ occurs in
the overlying brownish marls (sample 15/05). The enrich-
ment of heavy carbon in the organic matter goes further up
to the positive excursion (�13Corg. = –25.21 ‰) in the brow
-nish black marly shales (sample 19/05). This positive ex-
cursion of �13Corg. is associated with high HI values, indi-
cating some contribution of marine organic matter. The en-
richment in 13C could be a residual effect related to de-
creased terrestrial input, as it is accompanied by decreased
TOC content and the subsequently enhanced presence of al-
gal material that is isotopically heavier by comparison with
freshwater organic matter (Meyers, 1994; Bechtel et al.,
2012). The burial of organic carbon in the ocean caused the
13Corg. enrichment. The accelerated terrestrial input is re-
corded in the terminal fall in �13Corg. to –27.01 ‰, associ-
ated with a high TOC content and low HI in kerogen of the
brownish calcareous mudstone (sample 20/05); this reveals
a return to the predominance of terrigenous organic matter.

A similarly mixed contribution of terrestrial and marine
organic matter was obtained from the Menilite Formation of
the Outer Carpathians (Rospondek et al., 1997; Köster et

al., 1998; Wiêc³aw, 2002; Kotarba and Koltun, 2006) and
other Oligocene units, such as the Eggerding Formation in
the Austrian Molasse Basin (Schulz et al., 2002), the Ruslar
Formation of the Kamchia Depression in the Eastern Para-
tthys, Bulgaria (Sachsenhofer et al., 2009), and the Tard
Clay of the Pannonian Basin in Hungary (Bechtel et al.,
2012).

Palaeoredox conditions

The RSTE concentrations in the sediments of the Gry-
bów Unit studied are controlled by TOC and/or TS contents.
The values of correlation coefficient vary from 0.69 to 0.89
(Tab. 2). An exception is Ni, the co-occurrence of which
with TOC is insignificant (r = 0.22). Consequently, the dark
grey and brown samples enriched in TOC and TS are also
enriched in RSTE with a maximum in sample 16/05.

An authigenic uptake of U, Mo, V and Ni in sediments
is facilitated by oxygen-depleted conditions. A catchment
of RSTE from seawater may be accelerated by the forma-

tion of organometallic ligands in humic acids. Therefore,
their concentrations frequently show a good correlation
with the organic-carbon content in anoxic and non-sulphi-
dic facies (Wignall and Maynard, 1993; Morford and Emer-
son, 1999; Algeo and Maynard, 2004; McManus et al.,
2005). Amounts of Mo and V correlated with TOC were
recognized in the Oligocene–Miocene Maikop Series in the
South Caspian Basin, where the overall higher trace metals
content and TOC accumulation in the Rupelian, with a max-
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Fig. 9. Plot of the Grybów Succession samples within the
RSTE vs. Al2O3 variation diagram.



imum at the Rupelian–Chattian boundary, have been noted;
geochemical proxies point to the dysoxic to anoxic condi-
tions prevailing during the sedimentation of this series (Hu-
dson et al., 2008).

The onset of U enrichment requires less reducing con-
ditions than those for Mo, thus U is taken up earlier during
progressive burial and a gradual shift to more reducing con-
ditions (Helz et al., 1996; Algeo and Tribovillard, 2009).
The highest values of Mo/U ratio in the upper part of the
Grybów formation indicate more reducing conditions.

The concentration of U in the Grybów Unit brownish
black shales can be explained by the uptake of U by authi-
genic U oxide (e.g., Tribovillard et al., 2006). The positive
correlation between U and TOC could be coincidental, as U
oxides are precipitated and at the same time the preservation
of organic matter is enhanced in anoxic conditions. The low
U/Th ratios imply domination of an aerobic environment,
episodically altered by dysoxic (samples 15/05, 19/05, 20/05)
and anoxic (sample16/05) conditions. The threshold values
of U/Th are 0.75 and 1.25 and values higher than these indi-
cate dysoxic and anoxic conditions, respectively (cf. Jones
and Manning, 1994).

The anoxic-sulphidic conditions must have developed
in the sediments as is suggested by geochemical proxies, i.e.
TOC/TS and V/(V+Ni) ratios. The V/(V+Ni) ratios of the
studied samples range from 0.61 to 0.83 with one outlier at
0.42. V/(V+Ni) ratios extent from 0.46 to 0.6 and from 0.54
to 0.82 reflect dysoxic and anoxic conditions, respectively
(cf. Lewan and Maynard, 1982; Hatch and Leventhal,
1992). Thus, the succession studied seems to indicate dyso-
xic to anoxic conditions.

If the TOC-TS relation is taken into consideration, sam-
ples 16/05 and 19/05 from the Grybów Marl Formation are
classified as anoxic-euxinic. The Grybów Marl Formation
shows a slight positive correlation of TOC with TS and a
trend-line that follows the “normal marine” line. For the
Podgrybowskie Beds, this correlation is negative. Therein,
TOC contents are low, often due to dilution by detritus. The
enhanced S concentration probably resulted from diagenetic
pyritisation, confirmed by the pyrite morphology (fram-
boids, crystals, and massive lumps; Wignall and Newton,
1998).

The most probable scenario of pyrite formation in the
material studied involves pyritisation, which occurs in the
anoxic sediments covered by an oxygenated water column.

Pyrite formed in sediments is more variable in form and size
than pyrite precipitated in the euxinic water column. The
formation of pyrite nuclei at the chemocline positioned in
the water column is limited by time and they occur as uni-
formly small (< 6 µm in diameter) framboids (Wilkin and
Barnes, 1996). Framboidal aggregates settle on the sedi-
ment-water interface and pyrite growth is halted. Diagenetic
pyrite can be texturally distinctive, occurring as large
framboids, crystals, and massive lumps. Framboids that are
variable in size are preferentially formed in the sediments
near the redox transition (Wignall and Newton, 1998).

In summary, the Grybów Unit succession studied was
deposited under oxygen-deficient conditions. The oxygen
concentration/depletion was controlled by the turbiditic cur-
rents that could have ventilated the bottom waters. The up-
per part of the Grybów Marl Formation was developed as
more pelagic sediments instead of turbiditic facies. Addi-
tionally, the Che³mski section displays more distal turbiditic
facies (with Bouma intervals), which contain less detritus
and lower numbers of reworked nannofossils. Contrary to
that, the Górnikowski section represents more proximal tur-
biditic facies with Tab Bouma intervals (Oszczypko-Clo-
wes, 2008; Oszczypko-Clowes et al., 2015). However,
Bojanowski (2007) proposed that the fine-grained Krosno
succession represents proximal turbidite facies, deposited
between submarine canyons, by way of which currents car-
ried coarse-grained material to more distal and deeper parts
of the basin.

Consequently, the upper part of the Grybów Formation
of the Che³mski section records more anoxic-sulphidic con-
ditions, while the Górnikowski section depicts dysoxic sedi-
ments with organic matter diluted by mineral detritus. Oxy-
gen periodically available in the bottom waters also may
have influenced on the sediments, causing downward mi-
gration of the oxic/anoxic front. This is seen fairly well in
the pair of samples 19-20/05, which are succeeded by
turbidites of the Krosno Beds. Samples 19/05 and 20/05 are
in direct contact. The sample 20/05 is overlain by turbidite
deposits (M. Oszczypko-Clowes pers. comm., 2016). Sam-
ple 19/05 contains higher concentrations of RSTE at lesser
quantities of TOC than the underlying sample 20/05. It is
possible that the trace elements went downward due to
oxic/anoxic interface migration as a result of post-depositio-
nal reoxidation (Thomson et al., 1993). In general, the
downward migration of the reoxygenation front may have
leached the RSTE and oxidized organic matter from the up-
permost part of the sediments (sample 20/05). Then, RSTE
were reprecipitated (sample 19/05) at the depth, where the
redox front was halted. The organic matter originated from
land plants, which were delivered by rivers. The photic zone
concomitantly fed by nutrients was a location of occasion-
ally enhanced bioproductivity.

CONCLUSIONS

The Oligocene Grybów succession in the Ropa Tec-
tonic Window is represented by deep-sea, mainly turbidite
sediments comprising a shaly-marly-sandstone sequence,
including brownish black, fine-grained sediments. These
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Table 2

Pearson correlation matrix for redox-sensitive metals, TOC
and TS in samples of the Grybów Unit (n = 30)

U V Mo Ni TS TOC Al2O3

U 1.00

V 0.84 1.00

Mo 0.96 0.75 1.00

Ni 0.58 0.38 0.62 1.00

TS 0.88 0.72 0.89 0.77 1.00

TOC 0.83 0.89 0.69 0.22 0.56 1.00

Al2O3 -0.27 0.15 -0.37 -0.28 -0.40 -0.40 1.00



TOC-enriched sediments occur especially among more dis-
tal turbidite facies.

The terrestrial organic matter was transported to the ba-
sin by rivers. The liptinite and vitrinite macerals, kerogen
type II/III and low �13Corg., indicate the land-plant contri-
bution of the organic matter. Anoxic and sulphidic condi-
tions within the sediments, evidenced by abundant and
large-sized framboidal pyrite, the enrichment in RSTE, high
ratios of U/Th and V/(V+Ni) (1.6 and 0.75, respectively),
developed during deposition of the Grybów Formation.

In surface waters enriched in nutrients, phytoplankton
bloomed effectively. This is recorded as the interbedding of
more calcareous sediments. The presence of marine organic
matter is inferred from the predominance of liptinite ma-
cerals (e.g., algal bituminite), kerogen type I/II and increas-
ing values of �13Corg. (–25.2 ‰). The accumulation of reac-
tive organic matter resulted in the rise of anoxia and acidifi-
cation of the bottom waters. It is documented in the deposi-
tion of weakly calcareous black shales. Oxygen-deficient
conditions are indicated by V/(V+Ni) and U/Th ratios (both
ratios are 0.8).

At the same time, more proximal turbidite facies were
deposited on the continental slope. The turbidity currents
diluted the organic remains and ventilated the depositional
environments, where anoxia occurred in the deeper sector
of the basin. Therefore, anoxia did not reach the continental
slope until sedimentation of the upper part of the Grybów
Marl Formation.

Moreover, the transition from turbidites to hemipelagic
sediments may have caused a non-steady state of the dia-
genetic environment in a shallow-burial setting. Conse-
quently, post-depositional changes in RSTE concentrations
occurred, owing to the downward migration of the oxic/
anoxic front. The uppermost part of the Grybów Formation
is an example of how the turbidity currents that gave rise to
the Krosno Beds might have reduced the RSTE concentra-
tions and then re-accumulated them deeper in the sediments.
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