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Abstract: Organic-rich black shales intercalated with green radiolarian shales and bentonites, 2.2 m
thick, represent an equivalent of the Bonarelli Level in the Outer Carpathian deep-water succession.
Carbon stable isotope data from four sections in the Outer Carpathians show that termination of
organic-rich accumulation, related to the oceanic anoxic event 2 (OAE2), occurred at the same time in
this part of the Western Tethys. The excellent marker of this event is a first horizon of Fe-Mn layer
(nodules), a few centimeters thick, directly covering the youngest black shale layer of the Bonarelli-
equivalent Level, which is regarded as the regional chronohorizon. The youngest succession of
the organic-rich shales, ca. 30 cm thick, corresponds to the latest Cenomanian interval of 513C0rg
values displaying a negative trend, which represents a terminal part within the OAE2 carbon isotope
excursion. A deep negative shift which ends this falling trend, close to the Cenomanian-Turonian
boundary in §!3C curves from many sections around the world, is not visible in the Outer Carpathian
successions. The reason for this was the long period of stratigraphic condensation, which is reflected

in the ferromanganese sediments of this area.

Keywords: carbon isotopes; Bonarelli-equivalent level; Cenomanian-Turonian boundary; Silesian
Nappe; Fe-Mn nodule level; radiolarian and organic-rich sediments

1. Introduction

In deep-sea sediments of the Western Tethys, thick black shale intervals of the oceanic
anoxic event (OAE) 2, like Bonarelli Level in the Umbria—Marche Basin [1] or Thomel Level
in Vocontian Basin [2] and its equivalent (Bonarelli-equivalent Level) in the Carpathian
basins [3] are characterized by repeated occurrences of organic-rich and biogenic silica-rich
shales. In the Outer Carpathians, the fine laminae in black organic-rich shale horizons
containing bacteria-like remnants [4] and undigested pellets [5] indicate a lack of bottom-
dwelling organisms [6], suggesting that the seafloor was covered by O,-deficient water.
In turn, grey to green radiolarian-rich shales [7,8] including impoverished trace fossil
assemblages represent dysoxic intervals.

The onset and termination of black shale accumulation during the Cenomanian-—
Turonian boundary interval (CTBI) was different in marine settings due to various envi-
ronmental causes and various geodynamic evolution of particular regions (e.g., compare
Tarfaya coastal basin vs. Western Interior Seaway [9,10]). It seems that the time interval for
such accumulation in the Western Tethys was similar, however, the stratigraphic correla-
tion of this phenomenon is not unequivocal and easy, especially for deep environments
below CCD, due to lack of calcareous microfossils. An example of such environment were
marginal basins in the Carpathian domain, where the CTBI record containing the Bonarelli-
equivalent Level was studied in detail based on deep-water agglutinated foraminifers
(DWAF), radiolarians [11], and using chemical indices (summary in [3,12,13]).
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In this study, we interpret the termination of the organic-rich sedimentation of the
CTBI in the Outer Carpathian basins (Figure 1) and correlate this with the data reported
from other deep marine realms. This age is here constrained using published and new
organic carbon stable isotope data [14-17], correlated by the radiolarian record [18]. Most
previous stratigraphic studies in the Outer Carpathian area, partly related to the CTBI, have
been based on the DWAF assemblages (e.g., [19-22] and radiolarians [7,8,23,24], suggesting
a Turonian age for the base of red and green shales, the earliest oxidized sediments, which
cover the black claystones and mudstones of the Bonarelli-equivalent Level.

2. Palaeoceanographic Setting

During Cretaceous-Paleogene times, the Outer Carpathian Basin consisted of several
longitudinal troughs, the Silesian, Skole-Tarcau, and Magura basins, located close to the
northern passive margin of the Western Tethys [25]. From the Berriasian through the Eocene,
the floor of these basins was below the CCD (e.g., [26-28]). Turbidite sedimentation was
dominant during the Early Cretaceous, with moderate accumulation rate, not exceeding
6 cm/ka [29]. Terrigenous and biogenic material supplied to the basin floor came from both
the peri-Tethyan shelves and intrabasinal ridges (e.g., [30-32]). In the Late Cenomanian, the
number and thickness of turbidites significantly decreased, and organic-rich sedimentation
began to prevail, related to the OAE2 [33].
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Figure 1. Position of the studied Cenomanian-Turonian boundary interval sections in the Outer
Carpathians, Poland, in relation to the main geological units (geological units after [27]; 1—
Barnasiowka, 2—Trzemesnia, 3—Zasan, 4—Splawa).

Their accumulation rate was low, 3.5-5.5 mm /ka [3]. Accumulation of oxidized (red)
non-calcareous hemipelagic clays began after the termination of the OAE2 throughout the
entire Carpathian Basin. Its duration varied in particular basins, depending on the influx
of terrigenous turbidites (summary in [34]).

3. Anoxic and Oxic Strata in the Outer Carpathians Around the OAE2

In the Outer Carpathians, the Upper Cenomanian is represented by a dozen or so
metre-thick successions of carbonate and siliciclastic turbidites with intercalations of non-
calcareous green and black radiolarian shales ([33]; Barnasiéwka Radiolarian Shale For-
mation; Figure 2). There is a gradual transition (ca. 1.0 m thick interval) from this facies
to hemipelagic, non-calcareous, organic-rich sediments, whose organic matter is mainly
marine in origin. This latter facies, named the Bonarelli-equivalent Level (up to 2.2 m
thick; [14-17]; Figure 3) consists of argillaceous, radiolarian-rich, black shales with in-
tercalations of green shales and bentonites in the lower part [35], and strongly siliceous
parallel-laminated black claystones and mudstones alternating with green siliceous shales
at the top. The total organic carbon content attains a maximum of 8% in the black shales of
this succession, with mean values from 3.4% to 5.5% for individual sections [3].
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Figure 2. Lithostratigraphy of the Cenomanian-Turonian deposits in the Polish Outer Carpathians
(after [33,36-39] supplemented by the authors).
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Figure 3. Lithological logs of the Outer Carpathian sections plotted against organic carbon isotope
data (partly based on Bak K [14-17], see also Table S1); CTBI—Cenomanian-Turonian boundary
interval; Fe-Mn—ferromanganese layer, S.M.—siliceous-manganiferous green and red shales. A,
B, C, D—chemostratigraphic marker points used for correlation. Note that the C-T boundary was
determined on the basis of organic carbon stable isotope data; this is placed within a first Fe-Mn
chronohorizon that represents a stratigraphic interval coinciding with the condensation of time. The
measurement points marked in green apply to §!3C_,y, data.

In all studied sections, a few-centimeters-thick ferromanganese layer with macronod-
ules (laid down as a Ca-rhodochrosite layer; [14-17,40]) is present at the top of the organic-
rich facies, followed by oxidized sediments (Figure 3). Its origin was interpreted as recur-
ring precipitation/redissolution of Fe-Mn oxide-hydroxides under repeated oxic/anoxic
conditions (for details see [3,14]). The layer marks the onset of oxygenation of bottom water
in the northern part of the Western Tethys. This Fe-Mn layer is followed by a succession (up
to 1 m thick) of red and green, non-calcareous, strongly siliceous mudstones, and another



Minerals 2021, 11, 420

40f12

Fe-Mn horizon, directly underlain by a thin layer of black shale, enriched in marine organic
matter (Figure 3). The origin of the second Fe-Mn layer is the same as the initial layer
discussed above [14-17]. In turn, the siliceous variegated mudstones occurring between
these Fe-Mn horizons (cf. geochemical redox indices in [15-17]) contain DWAFs at the
base, showing a return to oxic conditions at the basin floor. Higher up, green and red shales
(Figure 3) are intercalated with thin-bedded silty and sandy siliciclastic (partly bioclastic)
turbidites (e.g., [41]). Locally, there occur thin black-shale layers containing organic matter
of mixed origin (marine and terrestrial [3]).

Among microfossils, numerous radiolarian, diatoms, and rare DWAF assemblages
occur throughout the CTBIL. The DWAFs disappear within the upper part of the organic-rich
facies, and they are extremely rare in the lower part of the oxidized sediments [14-16].
Planktonic foraminifers, mainly non-keeled forms, observed in thin sections of the rocks,
occur only as redeposited specimens within the turbidite layers. Radiolarians occur in
discrete layers within the whole CTBI [18]. Both radiolarians and diatoms have been
deposited in faecal pellets, as observed in thin sections of rocks.

4. Material and Methods

Organic carbon isotope data come from analyses of black shales of the CTBI. They
were sampled in four sections (Figure 3) which represent sediments of three nappes of the
Outer Carpathians in its Polish part. These sediments were accumulated in two basins
(the Silesian and Skole basins) and an internal ridge (the Subsilesian ridge). The results
of the §'3Corg analyses coming from the Trzemesnia section (Silesian Nappe), Sptawa
section (the Skole Nappe), and partly from the Barnasiéwka section (Silesian Nappe) were
published previously [16,17]. The new 613C0rg data (Supplementary Material, Table S1)
concern the Zasan section [14] and partly the Barnasiéwka section. The new field studies
at Barnsasiowka and Zasan sections allowed us to find a continuous and probably com-
plete succession of the OAE2 organic-rich sediments at these localities that was poorly
exposed earlier.

The stable isotope analyses of organic carbon were performed with an elemental ana-
lyzer (Carlo-Erbal110) connected online to ThermoFinnigan Delta Plus mass spectrometer
at the Stable Isotope Laboratory of the Institute of Geological Sciences, Erlangen-Niirnberg
University (Germany). The results are expressed as permil values vs. V-PDB standard ref-
erence. Accuracy and reproducibility of the analyses were checked by replicate analyses of
international standards (USGS 24 and USGS 40). Reproducibility was better than £ 0.11 %o
(1o). Further details of the analytical methods used are described in other publication by
Bak K. [15].

For chemostratigraphic correlation of the studied organic-rich sediments, we used
selected marker points on the § 13Corg curve (points from “A” to “E”). Their significance in
correlation with reference sections from other CTB marine environments was explained in
the chapter “Discussion”.

5. Results
5.1. §13C Organic Carbon Curve at Zasari Section, Subsilesian Nappe

The Cenomanian-Turonian boundary interval (CTBI), as defined by the pronounced
positive carbon isotope excursion, is present in a 2.0 m thick succession of finely laminated
black shales with intercalations of dark-grey shales. The §!Cqrg values rise rapidly from
—25.7%o (point “A”; Figure 3) to —23.8 %o at the base of the organic-rich facies, then decrease
by about 0.4%. and rise again to —23.4%., reaching the first maximum at the base of the
siliceous part of the organic-rich facies (point “B”: Figure 3). The §'3Cg values remain
high in the upper part of the section, varying from —24.0 to —23.2%.. The topmost part of
the organic-rich facies are in tectonic contact with the overlying sediments in this section,
hence, the subsequent interpretation of the data is not unequivocal. Nevertheless, the next
organic-rich layer, ca. 0.5 m above the top of the first Fe-Mn layer, displays a low §'3Corg
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value (—25.2%o), corresponding to recovery interval, which continues within the overlying
Variegates Shales, with values assigned to —26.0%o.

5.2. §13C Organic Carbon Curve at Trzemesnia and Barnasidwka Sections, Silesian Nappe

In the Late Cenomanian turbidite succession, §1*Corg values of samples are generally
low, fluctuating between —26.3%0 and —24.4%.. A negative shift, ca. 1.5 m below the top
of this succession (red line on Figure 3) may provide a marker point for both curves. The
onset of the positive excursion related to the OAE2 lies within the argillaceous part of the
organic-rich facies (point “A”; Figure 3); §'3Cyg values increase rapidly by about 2-2.4%,
within a 50-centimeter-thick interval, reaching a maximum at the first black shale layer of
the siliceous part of this facies (point “B”; Figure 3).

Afterwards, they decrease slightly but remain generally above —24.2%. for the next
30 cm. The remaining part of the siliceous organic-rich facies (ca. 60 cm thick) displays dif-
ferences in amplitude of fluctuating values in both sections (much higher in the Trzemes$nia
section but the pattern of fluctuations is the same), with a characteristic maximum (point
“C”; Figure 3), ca. 30 cm below the top of Bonarelli-equivalent Level. The next marker point
is point “D” (Figure 3) representing a deep negative shift within the positive excursion,
which precedes a section of the curve with the falling trend of the 613C0rg values.

The transition to the recovery interval with low 613C0rg values is not visible in both
sections due to the presence of the Fe-Mn layer creating the base of oxidized sediments (ca.
1 m thick) higher in the sections. The organic-rich shale layer underlying the second Fe-Mn
layer displays a low 8!3Cyg value (—25.9%0 and —25.7%o) in both sections, representing
a recovery interval. The low 5'3Cqs values also characterize the remaining part of the
Variegates Shales (Figure 3).

5.3. 613C Organic Carbon Curve at Sptawa Section, Skole Nappe

The '3Cqrg curve from the Splawa section (Skole Nappe) was presented in detail
by Bak K. [16]. This curve records a positive excursion within the siliceous part of the
organic-rich facies (Figure 3). However, the chemostratigraphic marker points are difficult
to identify because of the low-resolution data set, excluding the base of the OAE2 excursion
(point “A”; Figure 3).

6. Discussion

The chemostratigraphic correlation of organic-rich sediments representing the Bonarelli-
equivalent Level is here based on selected marker points which are well-recognizable in
reference sections of various marine environments. We distinguished here point “A” in
the 513Corg curve that marks a base of the OAE2 with the lowest value from which the
values rise sharply to the first maximum (point “B”). This increase between the two in-
dex points reaches 2—6 %o in various marine sections around the world and depends on
primary environmental factors, but also on the degree of weathering of organic matter
(cf. strata of drill site in the Tarfaya Basin [42] and exposed sediments in quarry from
the Bohemian Cretaceous Basin [43]). Our next marker point, "C”, corresponds to the
613C0rg maximum on the curve near the end of the positive OAE2 excursion, followed by a
marked negative shift (point "D") and a final sharp rise of 51*Crg values. In the reference
section from the southern peri-Tethyan shelf (Bahlul [44]) point “B” was discriminated
as point “1” (Figure 4; see also figure 11 in [44]) and correlated with the Pueblo section, a
Global Stratotype Section and Point (GSSP) for the base of the Turonian Stage. In turn,
our point “C” corresponds to the point “III” from the Bahlul section (Figure 4; see also
figure 11 in [44]). Both marker points are also characteristic of other OAE2 sections, e.g.,
from the Umbria—Marche Platform [45], Vocontian Basin [46], European epicontinental
sea (e.g., [47]), Demerara Rise in the Central Atlantic [48], continental margin of the South
West Atlantic [49] and Western Interior Basin (e.g., [50,51]). The last marker point used
in our correlation (point “E”) is important for determining the termination of black shale
accumulation in relation to the C-T boundary. This point coincides with a deep negative
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shift in 8'3Crg values occurring after the last peak of the OAE2 excursion. Its stratigraphic
position was defined as very close to the first occurrence of the ammonite Watinoceras
devonense and calcareous nannoplankton Quadrum gartneri, recognized in many sections
where accumulation of CTBI sediments occurred above CCD (e.g., [45,51-55]).
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I I . . /.
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Figure 4. Correlation of Late Cenomanian—Early Turonian 613C0rg events between Outer Carpathian basins, Umbria-Marche

Basin, Central Atlantic, and southern peri-Tehyan shelf. The curves representing Outer Carpathian sections are compared

using chemostratigraphic markers with age-calibrated sections from other regions. Note that “B” and “C” markers (positive

peaks) correspond to “I” and “III” chemostratigraphic indices sensu [44]. Marker “E” (negative shift) lying close to the

Cenomanian-Turonian boundary (CTB) in Tethyan, peri-Tethyan and Atlantic sections is not present in studied succession.

The first horizon of the Fe-Mn layer (blue bundle) which overlies Bonarelli-equivalent Level is a regional chronostratigraphic

marker displaying onset of oxic conditions in Carpathian domain of Western Tethys. This layer representing an interval of

stratigraphic condensation is correlated with the CTB recognized in Gubbio, Site 1258 and Bahlul sections.

6.1. Correlation of "> Corg Curves from the Outer Carpathians

The medium-resolution 5'Corg curves allowed for chemostratigraphic correlation
among the four sections in the Outer Carpathians (Figure 3). The positive carbon excursion
(approximately 3.00%o) related to the organic-rich interval is the most distinctive feature
observed in these sections; this excursion clearly records the OAE2. The positive excursion
begins within the argillaceous part of the organic-rich facies, near its base. The rapid
increase in values (approximately 2.4%o) is characteristic of a thin (30-50 cm) interval,
directly underlying the first siliceous black shale layer (between points “A” and “B”).
However, a significant shift in the 613C0rg values (approximately 1.2%o) occurs also 1-1.5 m
below the base of the organic-rich facies (the lowest red line; Figure 3).

Within the broad interval of the OAE2 excursion, a number of distinct peaks can be
correlated between the sections (Figures 3 and 4). The magnitude of these 5!Corg shifts
differs between them. Such difference could be explained by a different degree of organic
matter oxidation during outcrop weathering, as was suggested for other CTBI sections
(e.g., [50]).

The data collected here support the conclusion that the 613C0rg values remain high
over the “plateau” (—24%o to —23%o) up to the top of the organic-rich facies in all sections
studied. The next organic-rich shale layer that occurs within the oxidized facies, ~1 m
above the top of a first Fe-Mn layer, corresponds to a “recovery interval”, regarded as the
return to the pre-excursion 613C0rg values.

6.2. Termination of Organic-Rich Sedimentation vs. Position of C-T Boundary

The data collected here raise a question about the termination of organic-rich sedimen-
tation in relation to the C-T boundary in the Outer Carpathian sections. Generally, this
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boundary is based on the first occurrence of the ammonite Watinoceras devonense [56-58]
which in the stratotype section at Pueblo appears between the last maximum peak of §'3C
that terminates the 513C “plateau” and first deep negative shift [44,51,59,60].

A comparison of the 613Corg curve structure from the presented Outer Carpathian
sections with the structures of the high-resolution curves from the sections bearing the
ammonite fauna and planktonic microfossils (Figures 4 and 5) shows that the top of the
Bonarelli-equivalent Level is above the end of the “plateau” interval, within the falling
trend of 5'3Corg values. It means that the C-T boundary can be placed at the first Fe-Mn
macronodule level precipitated during stratigraphic condensation of marine transgressive
record. Oxidized sediments (red and green siliceous claystones or mudstones) occur in the
Carpathian sections directly above this level, displaying their unusual stratigraphic position
if compared with other deep-water settings in the Mediterranean Tethys. For example, the
fully oxidized strata (Scaglia Rossa) in the Umbria—Marche Apennines (Contessa Gorge
near Gubbio) appear 3.4 m above the Bonarelli Level corresponding to the Early Turonian
interval between the Holywell and Lulworth chemostratigraphic events [61].

In turn, the carbon isotope data from the Calabianca section [53,54] suggest that the
termination of organic-rich facies of the OAE2 in the Sicily Basin was nearly coeval with a
negative shift in §'3C,y, values (point “E”; Figure 5), directly preceding the first occurrence
of Quadrum gartneri.

The 5'3C curves from two deep-water sections in the eastern North Atlantic, the
Site 551 (Goban Spur; [62]) and the Site 641A (on the western margin of Galicia Bank,
off northwestern Spain; [63]) show that the green and brown clays at the base of the
Plantagenet Formation may occur within the OAE2 carbon isotope excursion. Position of
this unit is probably similar at Site 398 (Vigo Seamount at the southern end of the Galicia
Bank), according to the correlation presented by Thurow et al. [63] and the radiolarian
assemblages determined by Thurow [64]. However, a lack of carbon isotope data from this
site and low-resolution data from other North Atlantic sites does not allow the unequivocal
correlation of these sediments with the C-T boundary.
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Figure 5. The selected deep-water and neritic sections containing the organic-rich facies in the CTBI, interpreted on the

basis of the carbon stable isotope data. Palaeogeographical map of the Western Tethys after [65]. Carbon isotope curves
after [44,51] (Pueblo), [44] (Wadi Bahlul), [53,54] (Calabianca), [48] (Site 1285), [45] (Gubbio, Tarfaya), [62] (Site 550), [46]
(Lambruisse), [52] (Rehkogel graben), this article (Barnasiéwka, Outer Carpathians). SB-Silesian Basin.
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6.3. Diachronism and Synchronism of Sediments with Enhanced Content of Organic Matter in
peri-Tethyan Seas

The accumulation of calcareous and siliciclastic sediments with enhanced content of
organic matter in the peri-Tethyan shelves, epicontinental seas, and basins was diachronic
in relation to organic-rich sedimentation in deep-water environments of the Western Tethys
(cf. 813C curves from selected sections presented in Figure 5).

In the West and East European Platforms, this accumulation terminated in the similar
(but not the same) time, as in the deep marginal basins, i.e., before the C-T boundary. This
was confirmed by the chemo- and biostratigraphy of the Chalk successions in England (cf.
the stratigraphic position of the Plenus Matls; e.g., [61,66-70]); Bohemia [71], Poland [72,73],
and Crimea [74]. In many sections of this area, an unconformity horizon was associated
with the uppermost part of the Cenomanian-Turonian boundary interval above the organic-
rich strata (cf. [75,76]). On the contrary, the OAE2 black shale deposition lasted up to
various parts of the Turonian within the epicontinental seas along the northern and western
African margins (e.g., [9,44,77]).

Such coincidence of the timing of bottom-water oxygenation in the deep basins and
in the surrounding northern epicontinental seas, which were additionally affected by an
Early Turonian erosional event in their high-latitude regions, may suggest that these ocean-
margin seas might have affected the density-driven oceanic circulation, caused by the influx
of warm, saline water from these areas. The interpretation of such model of deep-water
circulation was earlier suggested by some authors from various regions (e.g., [78,79]), and
based on the models for ocean circulation (e.g., [80]). However, the only suggested source
areas for downward convection of warm, saline, dense waters were the subtropical areas
of the eastern and western parts of the Tethys [80,81].

7. Conclusions

The chemostratigraphic (613C0rg) data related to non-calcareous, hemipelagic shales
enriched in marine organic matter in the CTB interval have been analyzed in the Silesian,
Subsilesian, and Skole nappes of the Outer Carpathians. Several distinctive carbon isotope
excursions clearly recorded the OAE2 and enabled correlation of these deposits along
the Tethyan, Atlantic, and North American settings. The sedimentation of organic-rich
facies terminated with a characteristic level which occurs only in the Outer Carpathians.
It consists of a thin ferromanganese layer with nodules. Interpretation of this regional
chronohorizon shows that in the deep Carpathian basins, the termination of the OAE2
organic-rich facies coincided with the initial stage of bottom-water oxygenation. This
phenomenon began during an interval of §'3Cey values displaying a negative trend,
which represent a terminal part within the OAE2 carbon isotope excursion. This “bottom
oxidation event” ends episode of organic-rich deposition in regions of the Western Tethys.
This event lies below the C-T boundary and is diachronic. In the southern part of the
Mediterranean Tethys, the top of the organic-rich facies correlates with the beginning of the
recovery interval of the §'3C,,y, values. It shows in the younger age of the first oxidized
sediments in this area.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/min11040420/s1. Table S1: Carbon isotope data from sections studied. For location of samples
see Figure 3.
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