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A B S T R A C T

The sedimentary succession along the Belaya River (North Caucasus) provides a record of middle Eocene to
Miocene sediments. This time interval is well known for its important climatic transitions (e.g., Middle Eocene
Climate Optimum (MECO) and Eocene-Oligocene Transition (EOT)), and changes in basin configuration from
Peri-Tethys to Paratethys. The Belaya section contains two intervals marked by oxygen-depleted sediments; the
Eocene Kuma Formation of the Peri-Tethys and the Oligocene Maikop Group of the Paratethys. Both are con-
sidered important source rocks for hydrocarbon exploration in the Black Sea and Caspian Sea. We present in-
tegrated stratigraphic results of the Belaya River section using calcareous nannoplankton biostratigraphy,
magnetostratigraphy and 40Ar/39Ar dating. Furthermore, we investigate the geochemical character of the se-
diments using X-ray fluorescence (XRF) and stable carbon and oxygen isotopes. A middle Eocene age for the
lower part of the succession is established from nannoplankton biostratigraphy. The Kuma Formation is dated
between 42.1 and 38.4 Ma based on the assumption of constant sediment accumulation rates. A negative oxygen
isotope excursion in the middle part of the Kuma Formation could be related to the MECO (~40Ma). The onset
of the Maikop Group is dated around the base of chron C13n at an age of ~33.7Ma, close to the Eocene-
Oligocene boundary. Based on geochemical results, we show that the Kuma Formation and Maikop Group
correspond to two different episodes of intensified oceanic oxygen depletion in the succession. We hypothesise
that oxygen-depletion as recorded in the Kuma Formation is linked to an increased nutrient input in the open
marine Peri-Tethys due to widespread volcanism in the Neotethys subduction zone, while oxygen-depletion as
recorded in the Maikop Group is linked to basin restriction caused by the eustatic sea-level fall straddling the
Eocene – Oligocene boundary triggering stratified conditions in the semi-isolated Paratethys Sea.

1. Introduction

The northern Caucasus has been the subject of hydrocarbon ex-
ploration for over 100 years, and has been extensively studied (Ershov
et al., 2003, 1999; Grossheim, 1960; Prokopov, 1937), although most
data are available only in Russian. The organic-rich shales of the Eocene
Kuma Formation form a potential hydrocarbon source rock in this re-
gion, as they have a high TOC content (around 4% in the Belaya section;

Sachsenhofer et al., 2018). The Kuma Formation is much smaller in
stratigraphic thickness and regional volume compared to the Maikop
Group, and remains less studied. Despite its relatively low hydrocarbon
potential (Saint-Germes et al., 2000; Johnson et al., 2010; Sachsenhofer
et al., 2017), the Oligo-Miocene Maikop Group is considered one of the
most important source rocks in the former Paratethys (Guliyev et al.,
2001; Hudson et al., 2008; Sachsenhofer and Schulz, 2006). In the
Belaya section, the TOC content of the Maikop Group is around 1%
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(Sachsenhofer et al., 2018). Besides a hydrocarbon source rock, the
Maikop Group is an important host of manganese ores (Stolyarov, 1993;
Varentsov, 2002; Varentsov et al., 2003).

During the Eocene, the North Caucasus region was part of the Peri-
Tethys domain, an open marine basin that covered large parts of central
and eastern Europe and central Asia (see Fig. 1A). The Peri-Tethys was
well-connected to the North Sea in the west, the Arctic ocean in the
north (via the Turgay Strait before the Bartonian) and the Indian Ocean
in the south (Popov et al., 2004a; Rögl, 1998). The Peri-Tethys trans-
formed into the Paratethys around the Oligocene, as the basin became
isolated (see Fig. 1) (e.g. Akhmetiev et al., 2012). Laskarev (1924)
coined the term Paratethys, originally describing the environment of
middle Miocene strata that contained endemic fossils. Later on, the
definition was extended to include the Oligocene strata, which show the
first isolation from the Mediterranean Sea and world oceans during the
Solenovian (a regional Paratethys stage, covering part of the late Ru-
pelian, see also Sachsenhofer et al. (2017))(Piller et al., 2004).

The Eocene Kuma Formation of the Peri-Tethys and the Oligocene
Maikop Group of the Paratethys are both interpreted to have been de-
posited in low oxygen conditions in epicontinental basins (e.g.
Beniamovski et al., 2003; Sachsenhofer et al., 2017). Lithological
transitions from bioturbated light coloured carbonate sediments
(limestone and marlstone) to dark organic-rich shales are described all
over Central Eurasia, from the North Alpine foreland basin in the west
(e.g. Bachmann and Müller, 1992) to the Caucasus (e.g. Shcherbinina
and Gavrilov, 2007), South Aral area and Fore-Kopet Dagh in the east.
The white marlstones are interpreted to have been deposited in well-
oxygenated environments with abundant benthic fauna, while the or-
ganic-rich shales are linked to poorly ventilated bottom waters, strong
water-column stratification and decreased connectivity to the open

ocean (Schulz et al., 2005). The exact forcing mechanisms for oxygen
depletion in the Peri-Tethys and Paratethys seas are still unclear.

Accurate dating of the onset and end of oxygen depletion could
provide clues about causal processes and may help unravel climatic
from geodynamic mechanisms (e.g. Palcu et al., 2019). If the onset of
low oxygen conditions coincided with major climatic changes like the
Eocene-Oligocene transition (EOT) and/or middle Eocene climatic op-
timum (MECO), the concomitant sea-level changes might have led to
restricted conditions in the Peri-Tethys/Paratethys basins. Eustatic sea-
level changes for the EOT are well-documented, but less constrained for
the MECO (e.g. Dawber et al., 2011; Miller et al., 2009). However,
Giorgioni et al. (2019) suggested that the MECO is related to major
oceanographic changes in the Neotethys region and other basins. The
Eocene-Oligocene transition is a time period of nearly half a million
years, in which global climate changes in three steps that are char-
acterised by isotope shifts; EOT-1, EOT-2 and Oi-1 (Houben et al.,
2012). The Eocene-Oligocene boundary (EOB) is defined by the ex-
tinction of the hantkeninid planktonic foraminifera, and currently has
an age of 33.9 Ma (Vandenberghe et al., 2012). EOT-1 is placed below
the Eocene-Oligocene boundary, while EOT-2 and Oi-1 are placed
above the EOB. The sea-level drop associated with Oi-1 is largest, with
an estimated 50–60m. Sea-level changes for EOT-1 are estimated at
20m, while they are unconstrained for EOT-2 (Houben et al., 2012).
Jovane et al. (2009) mentioned that the EOT is associated with large
changes in circulation in the Neotethys region.

Alternatively, the Arabia-Eurasia continental collision might have
played a role, by building topography, which could have restricted
exchange between the Peri-Tethys/Paratethys and the open ocean.
Timing of the Arabia-Eurasia collision is poorly constrained, with esti-
mates ranging between 35 and 20Ma (McQuarrie and van Hinsbergen,

Fig. 1. Paleogeographic maps showing the differences in basin configuration from the late Eocene (~35Ma) Peri-Tethys to the Oligocene Paratethys (~27Ma).
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2013). Furthermore, extensive volcanism related to subduction in the
Neotethys (Iran-Azerbaijan) could have significantly increased nutrient
fluxes to the basin, which could have induced low oxygen conditions
through increasing surface ocean primary productivity coupled to in-
creasing organic matter remineralisation in the water column (e.g.
Adams et al., 2010). Although significant progress has been made
during the last decades (e.g. Popov et al., 2004a,b, 2018;
Benyamovskiy, 2012), a unified chronostratigraphy of the Eocene-Oli-
gocene strata of the Peri-Tethys/Paratethys region is poorly con-
strained.

We perform integrated stratigraphy using calcareous nannofossil
biostratigraphy, magnetostratigraphy and Ar–Ar dating to better con-
strain the ages of the Kuma Formation and the lower boundary of the
Maikop Group. Additionally, we apply X-ray fluorescence (XRF) and
stable carbon and oxygen isotope analyses to better understand the
forcing mechanisms of low oxygen conditions that led to deposition of
organic-rich shales in the Peri-Tethys and Paratethys.

2. Geologic setting

The type-locality of the Maikop Group is located in the North
Caucasus, ~25 km south of Maikop, along the Belaya River (Republic of
Adygea, Russia; see Fig. 2). The Belaya River section contains a well-
exposed succession of Eocene-Oligocene strata and is interpreted to be
continuous up to the mid-Rupelian (~30Ma), after which the succes-
sion continues up into the Miocene with several gaps (Popov et al.,
2019a).

The lowermost exposure consists of green mudstones of the
Cherkessk Formation (e.g. Zakrevskaya et al., 2011), cropping out
around 44.3665°N, 40.1970°E. These green mudstones are overlain by
the Keresta Formation, consisting of white clayey marlstones (e.g.
Benyamovskiy, 2012) that gradually transition to laminated, coffee-
coloured marlstones of the Kuma Formation. The Kuma Formation
contains sparse small pyrite nodules at the base, and abundant large
ones (up to tens of centimetres Ø) at the top, near the transition to the
Belaya Glina Formation. The Kuma Formation is characterized by high
(> 0.5 wt%; Seiter et al., 2004) organic carbon contents (Sachsenhofer
et al., 2018), abundant fish remains (bones and teeth) and wood frag-
ments, and is mostly laminated. The top of the Kuma Formation appears
to record cyclic alternations in lithology, visibly defined by differences
in induration and colour. Typical cycle thickness around the Kuma-
Belaya Glina boundary is 20–30 cm (see Fig. 3). The Belaya Glina
Formation consists of white marlstones with abundant foraminifera and
extensive bioturbation, and cyclic sedimentation is apparent
throughout the entire formation. For a more detailed description of
these formations in the Belaya section, we refer to Popov et al. (2019b).

The transition to the Pshekha Formation forms a sharp and con-
formable boundary. The Pshekha Formation, the oldest formation of the
Maikop Group, consists of dark brown to black mudstones with abun-
dant fish remains and overlies the Belaya Glina Formation. Just above
the boundary with the Belaya Glina, the Pshekha Formation is re-
presented by laminated mudstones containing Pteropoda (Vaginella,
Limacina). The middle part of the formation contains a volcanic ash
layer that is distinct in colour and contains visible biotite. Above the ash
layer, there is a gap (estimated ~6m, using bedding and Google Earth)
in the section related to a curve in the river (Fig. 2). Downstream, the
Pshekha Formation continues up to the Polbian bed. The Polbian bed is
a calcareous nannoplankton-marlstone, and stands out as a distinctive
white layer in the otherwise black Maikop Group. Polbian fauna in-
dicates endemic and brackish affinities (e.g. Popov and Studencka,
2015 and references therein) and is recognized in the Central and
Eastern Paratethys (Veto, 1987; Nagymarosy and Voronina, 1993). The
Polbian bed is overlain by the Morozkina Balka Formation, which is
interpreted to have high hydrocarbon potential (Sachsenhofer et al.,
2017). The Lower Morozkina Balka subformation consists of dark, non-
calcareous mudstones with fish remains. It contains five non-exposed

intervals, of which thicknesses are estimated based on bedding or-
ientation (the largest gap corresponds to ~9m of stratigraphy missing).
The Lower Morozkina Balka subformation is overlain by the Upper
Morozkina Balka subformation, which contains thin calcareous sub-
layers (pellets) formed by nannofossils, and carbonate nodules. Younger
formations of the Maikop Group (Batalpashinsk, Septarian, Kar-
adzhalga, Olginskaya and Ritsa Formations; Sachsenhofer et al., 2017)
crop out further downstream along the Belaya River. Beds are tilted
slightly northwards, with a dip of 7–10°. Around the Belaya Glina-
Pshekha transition, the dip is somewhat steeper (~20°). Slight varia-
tions in estimated dip can result in relatively large thickness variations
for the estimates of gaps in the succession.

3. Methods

3.1. Paleomagnetism

Samples were collected during fieldwork in 2015. Samples for
magnetostratigraphy were taken on average every 50 cm. Conventional
paleomagnetic cores (25mm Ø) were collected using a gasoline-pow-
ered motor drill, and oriented using a magnetic compass. Directions
were corrected for a present-day declination (International
Geomagnetic Reference Field) of 7°. Cores were cut into specimens of
~22mm long. A total of 254 specimens were subjected to stepwise
thermal demagnetisation, and 304 were demagnetised using alternating
field (AF) demagnetisation. Thermal demagnetisation was performed
by progressive heating in a shielded furnace for 1 h, taking steps of
20–80 °C, up to 300 °C. After reviewing this procedure, more samples
were demagnetised using steps of 20 °C up to 240 °C. AF demagnetisa-
tion was performed using a custom-built automated system, with steps
of 2–20mT, up to 100mT (Mullender et al., 2016). Subsequently, the
demagnetisation strategy was aimed at taking more steps below 40mT,
as magnetic signals were very weak. After each demagnetisation step,
the natural remanent magnetisation (NRM) was measured on a 2G
Enterprise horizontal cryogenic magnetometer equipped with three DC
SQUIDS (noise level 3× 10−12 Am2). The ‘per component’ protocol
(Finn and Coe, 2016; Mullender et al., 2016; Stephenson, 1993) was
used, in which AF demagnetisation is applied per axis, after which the
sample is measured. This protocol is used to prevent gyroremanent
magnetisation, which can occur if greigite is present.

Vectors were calculated using principal component analysis
(Kirschvink, 1980) on Zijderveld diagrams (Zijderveld, 1967) in the
interpretation portal of Paleomagnetism.org (Koymans et al., 2016).
Declinations and inclinations were calculated for pre-tilt (TC) and post-
tilt (NOTC) signals. Mean directions were calculated using Fisher sta-
tistics (Fisher, 1953). We determined great circles for two components
with overlapping blocking temperatures or coercivity. Lines and planes
were determined following an eigenvector approach (Kirschvink,
1980). We use the method of McFadden and McElhinny (1988) to de-
termine great circle solutions.

3.2. Rock-magnetic measurements

Thermomagnetic measurements of the induced magnetisation (J-T
curves) in air, at high temperatures were conducted with a modified
horizontal translation-type Curie balance with a sensitivity of
~5×10−9Am2 (Mullender et al., 1993). A field, cycling between
100mT and 300mT, was applied on powdered sediments (~70mg).
Multiple heating (6°/minute) and cooling runs (10°/minute) were per-
formed.

3.3. Ar–Ar dating

The ash layer (sample code MKA) in the Maikop Group was sampled
for 40Ar/39Ar dating and processed using standard mineral separation
techniques. It was washed and dried, subsequently sieved through 90,
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250 and 500 μm sieves and separated using heavy liquids (2.54, 2.59,
2.55, 2.60, 2.99 and 3.05 g/cm3) to separate biotite minerals (no sa-
nidine was found). Minerals were finally handpicked under a micro-
scope and wrapped with standards in aluminium foil. Samples were
irradiated during respectively 12 and 18 h in two irradiations (VU101
and VU107) at the Oregon State University Triga CLICIT facility, to-
gether with Fish Canyon Tuff sanidine as standard (FCs;

28.201 ± 0.023Ma; Kuiper et al., 2008). After irradiation samples
were loaded in Cu-trays and analysed using a 10-collector Helix-MC
mass spectrometer with a customised extraction with SEAS NP10, St172
and Ti sponge getters and a Lauda cooler run at −70 °C. The used cup-
configuration was either 40Ar on the H2 Faraday cup and 39Ar -36Ar
isotopes on compact discrete dynodes, or both 40Ar and 39Ar on re-
spectively H2 and H1 Faraday. Gain calibration was done by

Fig. 2. A. Map of the location of the Belaya section (white star). B. Map of the Belaya River with outcrop locations, sample numbers and boundaries between different
formations. C. Lithostratigraphic log with sample numbers, position of the ash layer and the Polbian bed (a distinctive white nannoplankton-marl bed in the black
Maikop succession).
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peakjumping CO2 in dynamic mode on the different cups. Ages are
calculated relative to the age of FCs reported in Kuiper et al. (2008)
with decay constants of Min et al. (2000).

3.4. X-ray fluorescence

The compositions of 236 samples were measured, from the
Cherkessk Formation up until the bottom part of the Lower Morozkina
Balka Formation. Sample faces were smoothed with a ceramic knife to
make flat surfaces. X-Ray fluorescence (XRF) measurements were con-
ducted on a Thermo Scientific Niton XL3t SDD (900 GOLDD) Series XRF
Analyser equipped with a 50 kV miniature X-ray tube with Ag anode
and a Large Area Silicon Drift Detector under laboratory conditions
with a steady flow of helium (~40mm from the ball flow meter).
Measuring time was 90 s in MINING mode. We refer to McIntosh et al.
(2016) for an evaluation of this specific type of handheld XRF device,
and Rowe et al. (2012) for an evaluation of handheld XRF measure-
ments on geological materials.

3.5. Stable isotopes

Stable oxygen and carbon isotope ratios of bulk carbonate were
measured for the top of the Keresta Formation, through the Kuma
Formation to the bottom of the Belaya Glina Formation, on
~250–350 μg of freeze-dried and powdered sediment. Analyses were
performed at Utrecht University using a Thermo Finnigan GasBench-II
carbonate preparation device coupled to a Thermo Finnigan Delta-V
isotope ratio mass spectrometer. Values for δ13C and δ18O are reported
relative to the Vienna Pee Dee Belemnite (VPDB) standard. Analytical
precision is± 0.07‰ for δ13C and±0.1‰ for δ18O, supported by NBS-
19 and in-house standards.

3.6. Nannoplankton biostratigraphy

Nannoplankton samples were taken every third paleomagnetic

sample. After a first zonation was established, the sample set was ex-
tended to locate the boundaries between different nannoplankton zones
more precisely. Smear slides were made following the standard tech-
niques described by Perch-Nielsen (1985) and Bown and Young (1998).
Slides were observed under an OLYMPUS BH2 light microscope with
cross polarised light and phase contrast illumination, at 900x and
1800x magnification. The standard scheme of Martini (1971) was
adopted for this study.

4. Results

4.1. Paleomagnetism

4.1.1. Thermomagnetic results
Powdered bulk material from different formations was measured in

a horizontal translation type Curie balance (Mullender et al., 1993).
The results show very small amounts of magnetic material in the Ker-
esta interval (sample BE10 in Fig. 4), where negative values of mag-
netisation are measured, an expression of the diamagnetic properties of
the glass holder. Magnetisation levels are weak throughout the section.
All Curie balance diagrams show a decrease in magnetisation upon
heating, with reversible behaviour up to ~400 °C. Each of the samples
shows a significant increase in total magnetisation from around 400 °C
to around 450 °C, after which the total magnetisation decreases again,
and is nearly fully removed around 580 °C. A very slight change in slope
around 680 °C can be observed for all samples, indicating the presence
of minor amounts of hematite.

Pyrite, present in all samples (Fig. 4), is indicated by the increase in
the magnetisation around 400 °C, the thermal zone of oxidation of
pyrite to secondary magnetite (Passier et al., 1998).

4.1.2. NRM intensity
NRM intensity at the first step is generally between 10 and 1000 μA/

m throughout the section (see Fig. 7). In the Cherkessk Formation,
magnetic susceptibility is around 150 μA/m, above which it drops up

Fig. 3. A. Cycles in the Kuma Formation, ruler is 30 cm. B. Cycles in the Maikop Group, cliff is ~10m high. C. Fish remains in the Kuma Formation. D. Fish fossil in
the Maikop Group, fossil is ~30 cm long.
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until the bottom of the Kuma Formation, where it reaches the lowest
values of around 10 μA/m (around ~14m). The interval from a stra-
tigraphic height of 22 up to 26m starts with a sharp increase in in-
tensity and ends with a sharp decrease, and stands out with intensities
of around 300 μA/m. Above the sharp fall, intensities gradually rise up
until the top of the Kuma Formation, after which they decrease in the
bottom of the Belaya Glina Formation. The Belaya Glina Formation
shows intensity values of around 100 μA/m. Values begin to increase in
the top of the Belaya Glina Formation. Intensities in the Maikop Group
are slightly higher, and more variable than in the underlying forma-
tions.

4.1.3. Characteristic remanent magnetisations
Demagnetisation patterns are generally not straightforward.

Examples of representative Zijderveld diagrams are given in Fig. 5.
Magnetic signals are generally weak (mostly tens to hundreds of μA/m),
and most samples reach noise level after demagnetisation up to tem-
peratures of 240 °C or fields of 40 mT. Fig. 5A–D shows characteristic
remanent magnetisation (ChRM) components that were considered re-
liable (i.e. relatively straightforward demagnetisation towards the
origin). Fig. 5A and D show normal polarities, 5B and 5C reversed
polarities. Fig. 5B and C show that thermally demagnetised samples
often display similar behaviour to AF-demagnetised samples. Fig. 5E
shows a weak sample, exhibiting ‘spaghetti plot’ behaviour of which no
ChRM could be determined. Fig. 5F and G show components that de-
magnetise relatively straightforwardly, but result in questionable di-
rections that make them challenging for straightforward polarity in-
terpretation. Fig. 5H and I are examples of samples with very shallow
inclinations from the Maikop Group. Fig. 5J shows a Zijderveld diagram
of a sample that does not demagnetise towards the origin, and has been
interpreted using great circle analysis as shown in Fig. 5K.

Despite the low intensity of the samples, in some cases only just
above noise level (3× 10−12 A/m), normal and reverse polarities could
be isolated in many cases. Samples show little to no low-temperature/
low-coercivity overprint, but rather a more pervasive overprint which
cannot always be removed. Samples commonly demagnetise towards
the origin of Zijderveld diagrams. Samples that do not demagnetise
towards the origin of Zijderveld diagrams were interpreted using great
circle analysis. Several samples show a very low-temperature (up to
80 °C) component, while some reverse samples show overprints of up to
14mT, but these are rare. Directions are usually interpreted using de-
magnetisation steps between 80 and 240 °C or 12–35mT. Samples of
the Keresta, Kuma and Belaya Glina Formations are noisier and have
lower intensities compared to samples from the Maikop Group. All
demagnetisation diagrams with interpreted directions are supplied in
Directions.dir in the appendix. This file can be viewed in the inter-
pretation portal of Paleomagnetism.org. All interpreted directions are
plotted in an equal area projection in Fig. 6A.

Samples show elongated VGP distributions (Fig. 6B), which is ty-
pical for flattened sediments Tauxe and Kent, 2004. We use the E-I
method (Tauxe et al., 2008) to detect and correct for inclination shal-
lowing on directions of the Maikop Group (after tectonic correction).
Fig. 6C shows the results of the unflattening procedure, which changes
the average inclination from 41.89° before unflattening, to 52.09° after
unflattening. The corrected inclination of 52.09° is still somewhat
below the ~60° expected for the paleolatitude of the Belaya section
around 35Ma (Torsvik et al., 2012).

The interpreted polarity pattern is shown in Fig. 7. The base of the
section shows normal polarities. Higher up into the Keresta Formation,
the maximum angle of deviation (MAD) values increase, but samples
still consistently give normal polarity directions. The base of the Kuma
Formation gives mostly reverse polarities, which are partly derived
from great circle analysis. MAD values for these directions are com-
monly>10°. We tentatively assign a reverse polarity to the interval
from 14 to 22m. Above this level, up to around 45m of stratigraphic
height, no polarities could be assigned, due to the directions rapidly

Fig. 4. Thermomagnetic runs using a Curie balance of samples of the different
formations. Red lines indicate heating, blue lines indicate cooling. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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switching between normal and reversed, commonly with large un-
certainties. From 45 up to 60m, some great circle solutions give reverse
polarities. However, directions predominantly show normal polarities
in this interval, and we tentatively assign a normal polarity to this part
of the section. In the Belaya Glina Formation, directions are generally
associated with relatively large uncertainties, and polarities are mixed.
In the top of the Belaya Glina Formation, from a stratigraphic height of
106m, directions show predominantly normal polarities up into the
Pshekha Formation at around 132m. This interval is characterised by
relatively small MAD values (< 10°), and we assign a normal polarity to
this interval. From 132m up until 178m, samples show predominantly
reverse polarities associated with MAD values of< 5°. We assign a re-
verse polarity to this part of the section. From 182 to 185m, samples
show normal polarities, and we assign a normal polarity to this part. For
the interval between 189 and 198m, no polarity could be established

due to the mixture of both normal and reverse directions. Between 202
and 214m, samples show mostly reverse polarities associated with
small MAD values, and we assign a reverse polarity. The part between
214 and 247m shows consistently normal polarities, with the exception
of two reverse polarity samples at 220 and 223m.

No reliable polarity zonation could be established for most of the
Keresta, Kuma and Belaya Glina formations (Fig. 7). Directions in the
Maikop Group are generally better, as they show less conflicting pola-
rities and have smaller MAD values.

4.2. Ar–Ar dating

Ar–Ar dating of the biotite grains was performed during one fusion
experiment, in which several grains were fused together. Intensities are
low, only 2–3 times above blanks. Radiogenic 40Ar* contents are high,

Fig. 5. Examples of representative Zijderveld diagrams, TC stands for tectonically corrected.
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above 93%, and isochrons show no deviations from atmospheric argon.
Ar–Ar results are shown in Fig. 8. The biotite from the ash layer gives a
plateau age of 33.2 ± 0.34Ma (2σ). Results of the different fusion
steps are plotted with 1σ errors in a density plot (Vermeesch, 2012),
which shows a peak around an age of 33.12Ma.

4.3. X-ray fluorescence

Elemental abundances mirror changes in lithology. Commonly,
elemental abundances are normalised to aluminium or calcium (e.g.
Tribovillard et al., 2006 and references therein). However, in this study
this approach would result in large differences between the pre-
dominantly calcareous succession up to the Belaya Glina Formation
(rich in calcium), and the clay-rich Maikop Group strata (rich in alu-
minium). Results are therefore not normalised, as shown in Fig. 9 (raw
data are supplied in Table S2).

Generally, aluminium (Al) and calcium (Ca) mirror each other.
Calcium abundances are low in the Cherkessk Formation, after which
they increase to the highest values in the Keresta Formation and the
bottom of the Kuma Formation. They subsequently drop to the middle
of the Kuma Formation. This drop is accompanied by prominent

enrichments in Al, vanadium (V) and molybdenum (Mo). Another de-
crease in Ca is present at the top of the Kuma Formation, but this is not
accompanied by prominent enrichments in Al, V and Mo. Calcium
content is variable throughout the Belaya Glina Formation, without
obvious trends, and drops off into the Maikop Group sediments, where
it is very low and variable without obvious trends. Values of Al and Ca
are variable without apparent trends from the middle of the Kuma
Formation upward. Aluminium contents are generally much higher in
the Maikop Group.

Sedimentary Mo and V contents are sensitive to bottom water
oxygen conditions (e.g., Tribovillard et al., 2006). In average shales, the
Mo content is 1.3 ppm, and V is 130 ppm (Tribovillard et al., 2006, and
references therein). Vanadium contents are high and show good
agreement with Mo contents where these are above the detection limit.
Molybdenum contents throughout the section are low, and in large
parts of the section below the detection limit.

4.4. Stable isotopes

Fig. 9 shows bulk carbonate stable carbon (δ13C) and oxygen (δ18O)
isotope records obtained for the bottom part of the section up into the

Fig. 6. Equal area projections of interpreted directions and VGP distributions. A. Interpreted directions of all samples. B. VGP positions of all interpreted samples. C.
Results of unflattening inclinations for all interpreted directions and great circle solutions (after tectonic correction) with use of the E-I method (Tauxe et al., 2008).
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Pshekha Formation. Values for δ13C show a large increase from the
Cherkessk through the Keresta Formation into the Kuma Formation.
Values vary around 1.5‰ for the upper part of the Kuma Formation and
throughout the Belaya Glina Formation, with the exception of a

negative excursion at the base of the Belaya Glina Formation. In the
Pshekha Formation, carbon isotope values are generally lower and
more variable.

Values for δ18O in the section are generally very depleted and close

Fig. 7. Log of the section with the interpreted magnetostratigraphic polarity pattern, declination and inclination shown with MAD values as error bars and NRM
intensity at the first step.

Fig. 8. Ar–Ar results of the ash layer in the Pshekhian Formation.
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to the isotopic composition of meteoric waters (e.g. Gat, 1996), which
might signify a groundwater-, or perhaps river water related diagenetic
overprint. However, given the fairly stable background values in the
studied interval we expect the diagenetic overprint to be relatively
uniform so that the major trends and excursions are still preserved in
the record. Values for δ18O increase in the bottom part of the section,
from the Cherkessk Formation through the Keresta Formation into the
Kuma Formation, after which they gradually decrease. Throughout the
lower half of the Kuma Formation, values are around −3.5‰. In the
middle part of the Kuma Formation, a large negative oxygen isotope
excursion is superimposed on the trend, reaching minimum values of
−5.5‰ within a few metres. After this peak, values return to pre-ex-
cursion values within ~2m, after which they gradually increase further
to around −2.5‰ in the bottom of the Belaya Glina Formation. The
lower half of the Belaya Glina Formation exhibits relatively stable va-
lues around −3‰, while in the upper half, values start to increase to
around −1.5‰ around the Belaya Glina-Pshekha boundary. The
boundary is marked by a sharp drop from around −1.5‰ to around
−4.5‰, after which they return to −2.5‰ within a few metres. The
rest of the Pshekha Formation is characterised by values around −3‰,
but values are a lot more variable than in the other formations.

4.5. Nannoplankton biostratigraphy

Calcareous nannoplankton biostratigraphy is summarised in
Table 1. Thick black lines designate marker species for nannoplankton
zones (NP zones). For more detailed biostratigraphy, including mol-
luscs, dinocysts and foraminifera, we refer to (Popov et al., 2019a).

In the Cherkessk Formation, the presence of zonal species of
Nannotetrina fulgens, Discoaster martinii and a significant amount of
Nannotetrina cristata indicate NP15 of N. fulgens (the upper part of zone
CP13 according to Bukry, 1975, 1973).

In the Keresta Formation, mudstones and marlstones show a similar
nannoplankton association, where a significant amount of N. cristata is
present, but N. fulgens and D. martinii are absent from the Cherkessk-
Keresta boundary upward. Such changes are typical for upper zone
NP15 and lower zone NP16.

The lower part of the Kuma Formation contains a diverse associa-
tion of nannoplankton, dominated by Reticulofenestra from the group
“umbilica” (R.hillae, R. callida, R. floridana, etc.). The presence of a
significant amount of Discoaster bifax, Discoaster distinctus, Discoaster
binodosus, Discoaster deflandrei and Cyclococcolithus formosus, along with
occasional presence of Chiasmolithus grandis and Discoaster tani nodifer,
indicates zone NP16 (or zone CP14, subzone CP14a). Chiasmolithus
solithus (NP16) is observed constantly, but in small or medium amounts.
Further up in the succession, large (14 μm) typical forms of
Reticulofenestra umbilica appear, increasing in number upward. They
become abundant in the upper part of zone NP17.

The upper part of the Kuma Formation contains large R. umbilica
s.str., along with small reticulofenesters from the same group, and
Discoaster bisectum. The background assemblage consists of D. tani no-
difer, D. binodosus, Discoaster saipanensis and numerous Coccolithus pe-
lagicus, Cyclococcolithus formosus, indicative of zone NP17 (CP14, sub-
zone CP14b). The lower boundary of the zone is determined by the
uppermost occurrence of C. solitus and the upper boundary by the
lowermost occurrence of Chiasmolithus oamaruensis. In the upper part of

Fig. 9. Lithostratigraphic log of the section (* = Cherkessk Formation, Ker. = Keresta Formation, LMB = Lower Morozkina Balka Formation) with abundance of
calcium, aluminium, vanadium and molybdenum in ppm based on handheld XRF measurements, and bulk carbonate carbon and oxygen isotope records (isotope
measurements indicated with grey diamonds are less reliable results due to very low carbonate content. Some levels were measured multiple times, in which case the
results were averaged. Original results for these levels are indicated by the grey circles.).
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the Kuma Formation the number of nannoplankton fossils of the genus
Discoaster decreases sharply.

In the basal part of the Belaya Glina Formation, large numbers of the
zonal species Chiasmolithus oamaruensis appear together with
Dictyococcitus bisectus, Discoaster saipanensis, Corannulus germanicus,
Discoaster tani tani and Helicosphaera reticulata. This association corre-
sponds to zone NP18. Zone NP19 is identified in the middle part of the
Belaya Glina Formation, where Isthmolithus recurvus and C. oamaruensis
are characteristic species. In some samples in the upper part of the
Formation, Sphenolithus pseudoradians is present (zone NP20). The
number of discoasters decreases towards the top of the Formation. A
Clausicoccus subdistichus acme is observed in the uppermost part of the
Belaya Glina Formation and the base of the Pshekha Formation, which
is typical for the Eocene-Oligocene transition.

The dominant elements of the late Eocene association - Coccolithus
eopelagicus, D. bisectus and R. umbilica – are continuously present in the
lower parts of the Pshekha Formation, but their abundance is sig-
nificantly reduced. The Eocene-Oligocene boundary (EOB) is located
within zone NP21 (CP16a). Further up in the Pshekha Formation, the
species C. formosus disappears and the nannoplankton association
consists of numerous small reticulofenesters and I. recurvus. Large
specimens of R. umbilica are observed only as single occurrences, in-
dicating zone NP22.

A specific association of nannoplankton from marl of the Polbian
bed consists of small Reticulofenestra ornata, numerous Transversopontis
fibula, Transversopontis (also known as Pontosphaera) pax and
Transversopontis latus. J. Krhovsky defined this association as belonging
to zone NP23 (in Akhmetiev et al., 1995), while I. Tabachnikova in-
terprets it as NP22-23 (Muzylev and Tabachnikova, 1987).

The non-calcareous laminated mudstones of the Lower Morozkina
Balka Formation contain no nannoplankton. The base of the Upper
Morozkina Balka Formation consists of an alternation of calcareous and
non-calcareous mudstones, which belongs to zone NP24 on the basis of
the top occurrence of Transversopontis pygmaeus and the base

occurrence of Helicosphaera recta and Cyclicargolithus abisectus. Further
upwards, abundant nannoplankton is present, including numerous
small Reticulofenestra spp., Cyclicargolithus floridanus, Dictyococcites bi-
sectus, Pontosphaera multipora and sporadically Helicosphaera recta.

5. Age constraints based on integrated stratigraphy

Fig. 10 shows a tentative correlation of the section to the geologic
time scale (GTS2012, Gradstein et al., 2012), based on a combination of
tie points. As we consider the nannoplankton biostratigraphy to be the
most robust, we use this for first order age constraints.

The Cherkessk Formation comprises the lowermost 0.5 m of the
section, and is of reported Ypresian-Lutetian age (Zakrevskaya et al.,
2011). In the Kheu section (Kabardino-Balkaria), the Keresta Formation
conformably overlies the Cherkessk Formation, while an unconformity
separates the two formations further west (Radionova et al., 2003 and
references therein). Calcareous nannoplankton assemblages indicate an
age for the bottom part of the Belaya section around NP15-NP16
(~43Ma in GTS2012). The combined presence of Chiasmolithus solithus,
Chiasmolithus gigas, Nannotetrina cristata, Nannotetrina fulgens and Dis-
coaster bifax suggests that there might be a slight reworking of nanno-
plankton representative of zone NP15 into zone NP16.

The Keresta Formation contains no additional nannoplankton spe-
cies compared to the Cherkessk Formation, but lacks species C. gigas,
Discoaster distinctus and N. fulgens. According to Radionova et al.
(2003), the Keresta Formation of the Kheu section corresponds to
nannoplankton zone NP15, which closely matches our results.

Calcareous nannoplankton assemblages are scarce in marker species
in the Kuma Formation, although the bottom part contains
Chiasmolithus solitus (NP9-NP16) and Discoaster bifax (NP16). Based on
these species, and previous studies (e.g. Radionova et al., 2003), the
lower part of the Kuma Formation is assigned to zone NP16
(43–40.5Ma in GTS2012). Paleomagnetic results show that the lower-
most 14m of the section seems to have a normal polarity. We

Table 1
Calcareous nannoplankton species. Thick black lines are marker species. Dotted lines indicate likely reworking, or non-continuous presence of species. Modified after
Popov et al. (2019a).
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tentatively correlate this normal polarity zone to C20n. Above this part
of the section, results are so mixed that we are unable to reliably de-
termine the polarity up until the top of the Belaya Glina Formation. The
top of the Kuma Formation is interpreted to be in NP17 (40.5–37.3Ma
in GTS2012), due to the presence of Chiasmolithus oamaruensis (NP18-
NP22) in the lower part of the overlying Belaya Glina Formation. Al-
though no marker species indicate zone NP17, part of the Kuma is likely
in this zone, as sedimentation seems continuous and the bottom of the
Belaya Glina formation is in zone NP18. The Kuma Formation thus
corresponds for a large part to the Bartonian. The interval from ~28 to
35m records a negative excursion in δ18O, which we tentatively cor-
relate to the Middle Eocene Climatic Optimum (MECO; ~40Ma; Bohaty
et al., 2009; Sluijs et al., 2013), a period of widespread ocean warming
superimposed on middle to late Eocene global cooling.

The bottom part of the Belaya Glina Formation corresponds to zone
NP18 (37.3–37Ma in GTS2012) due to the presence of C. oamaruensis,
while the top corresponds to NP19-20 (37–34.5Ma in GTS 2012) be-
cause of reported I. recurvus.

Our biostratigraphic data suggest that the Belaya Glina-Pshekha
boundary is located within zone NP21, close to the Eocene-Oligocene
boundary (33.9 Ma). We find the acme of Clausicoccus subdistichus in the
top of the Belaya Glina Formation, which is the marker of zone NP21.
This is in contrast with J. Krhovsky (in Akhmetiev et al., 1995), who
mentions that the Belaya Glina-Pshekha transition occurs in NP19-20.

We also encountered single specimens of characteristic species for the
NP19-20 zone (Discoaster barbadiensis and D. saipanensis) in the C.
subdistichus acme interval of the Pshekha Formation, which we interpret
as reworked.

Paleomagnetic samples of the Maikop Group have a magnetic signal
that is stronger than the lower part of the section, possibly due to in-
creased detrital input, which is also reflected by higher Al contents. The
magnetostratigraphic correlation of the Maikop Group to the GPTS is
complicated however, due to gaps in the succession and the absence of
nannoplankton marker species in parts of the sequence. The magne-
tostratigraphic pattern shows that the basal part of the Maikop Group is
in a normal polarity zone, with nannoplankton species (126–130m
stratigraphic height) that are characteristic for zone NP21. We thus
interpret the normal polarity zone to correspond to C13n. The bottom
of this chron is unconstrained, as there should be a long reverse polarity
interval (C13r) underneath it, but the paleomagnetic results do not
show this. This implies that the Belaya Glina-Maikop transition likely
has an age of around 33.7Ma (the base of C13n), very close to the EOT.

6. Discussion

6.1. Age constraints

An additional age constraint is based on the Ar–Ar dating of the ash

Fig. 10. Lithostratigraphic log of the section (* = Cherkessk Formation, Ker. = Keresta Formation, UMB = Upper Morozkina Balka Formation) with nannoplankton
zonation and magnetostratigraphic interpretation (black represents normal polarity, grey unknown polarity and white reverse polarity). Also shown are the stable
isotope records, with an indication where the Eocene-Oligocene Transition should roughly be in the section (EOT?). Blue lines indicate tie-points from the nan-
noplankton biostratigraphy that are used to correlate to the geologic timescale (TScreator). The red band indicates a negative oxygen isotope excursion that could be
linked to the MECO (40.5–40.0 Ma). The black line correlates the radiometric age of the ash layer to the timescale. Grey lines indicate the hypothesised correlation of
our magnetostratigraphy to magnetic chrons in the timescale. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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layer in the Pshekha Formation, which gives a plateau age of
33.20 ± 0.34Ma, and a density plot age of 33.12Ma. An age of
33.20Ma should correspond to the normal polarity chron C13n, ac-
cording to the combined age model as adopted in GTS2012 (Gradstein
et al., 2012). The age of 33.12 Ma would be only just above the base of
chron C12r, at 33.16Ma. However, according to our magnetostrati-
graphy, the ash layer is in a reverse polarity interval, and is located
about 20m above the transition from normal to reversed. We interpret
this reverse polarity interval to correspond to C12r.

The GTS2012 gives two age models for the Eocene-Oligocene
boundary which are significantly different (Vandenberghe et al., 2012),
one model is based on cyclostratigraphy (age top C13n at 33.16Ma)
and the other is based on radio-isotopic constraints (age top C13n at
33.6 Ma). Our Ar–Ar age of 33.20/33.12 Ma of the ash layer 20m
within the reversed polarity interval is in good agreement with the
radio-isotopic age model of GTS2012.

Sahy et al. (2017), however, performed U–Pb dating on zircons,
which yielded results that are in agreement with the astronomically
tuned Oligocene timescale. The U–Pb ages are then used to recalibrate
ages for magnetic reversals and the Eocene-Oligocene boundary, which
resulted in an age of 33.09Ma for the top of chron C13n. Sahy et al.
(2017) also discussed the discrepancy with the Ar–Ar based radio-iso-
topic model, and claimed that the biotite 40Ar/39Ar ages that support
the late Eocene-Oligocene geomagnetic polarity time scale (GTS2012,
Gradstein et al., 2012) are up to 0.5 Myr too old. Anomalously old
biotite ages can result from 39Ar recoil due to neutron irradiation, and/
or presence of initial 40Ar. For a more detailed discussion on the com-
plexities of 40Ar/39Ar geochronology on biotite, we refer to Sahy et al.
(2017). We hypothesise that the biotite 40Ar/39Ar age of the Belaya ash
suffers from the same problem and gives an anomalously old age.

Independent of the radiometric age model, the onset of Maikop
sedimentation takes place in C13n, but the lower boundary of C13n is
unconstrained. This means that the Belaya Glina-Pshekha transition
could coincide with the Oi-1 eustatic sea-level drop, estimated at
50–60m (Houben et al., 2012) in the bottom of C13n, or postdate it
slightly. Macrofossil evidence suggests the latter, as shallow water
benthic molluscs (including Propeamussium fallax) and echinoid re-
mains appear in the uppermost part of the Belaya Glina Formation,
indicating a sudden shift to shallower water depth. The base of the
Pshekha Formation in the Belaya River section is conformable, and
geochemical proxies (e.g., carbonate and total organic carbon (TOC)
contents, Pristane/Phytane ratios - Sachsenhofer et al., 2017) show a
rapid transition from the Belaya Glina Formation to the Pshekha For-
mation. This indicates that the study area remained subaquatic during
the sea-level drop. If the largest sea-level drop already occurred in the
Belaya Glina Formation, Oi-1 predates the onset of low oxygen condi-
tions, indicating a small time lag between global cooling and the es-
tablishment of these conditions. Phytoplankton data suggest a short
freshening event during the transition (Sachsenhofer et al., 2017). A
composition of fossil leaves, pollen and spores together with high
amounts of land plant biomarkers within the lower part of Pshekha
Formation are another consequence of the sea-level drop and indicate
proximity to dry land (Sachsenhofer et al., 2017).

The oxygen isotope pattern that is characteristic for the Eocene-
Oligocene transition –three distinct steps showing increasing δ18O (e.g.
Katz et al., 2008) – is not recognized in the Belaya section. Instead, after
the gradual rise of δ18O in the upper half of the Belaya Glina Formation,
oxygen isotopes show a sharp depletion instead of a sharp enrichment
around the boundary with the Pshekha Formation. This might be re-
lated in part to a lithological overprint on the isotopes, potentially si-
milar to the observed peak in the Kuma Formation, but might also in-
dicate a difference in response of the epicontinental Paratethys versus
the open ocean record. Ozsvárt et al. (2016) also report ‘unexpectedly
negative δ18O values’ which they link to possible alteration, or in-
creased precipitation in the Paratethys, although patterns in their study
are reported to be similar to the global deep-sea isotope records around

the EOT.

6.2. Sediment accumulation rates

Using the lower end of C13n at 33.705Ma as age for the Belaya
Glina-Maikop boundary, and interpreting the most depleted δ18O va-
lues in the Kuma Formation as peak MECO warming around 40.0Ma
(Bohaty et al., 2009), we estimate average sediment accumulation rates
for the Kuma and Belaya Glina Formations of 1.3 cm/kyr. Cycles in the
Belaya Glina Formation are about 20–30 cm thick, which, with a sedi-
mentation rate of around 1.3 cm/kyr, would match quite well with
climatic precession cyclicity that has a periodicity of around 23 kyr.

Assuming constant sedimentation rates for the lower part of the
section up to the Belaya Glina-Pshekha boundary of 1.2 cm/kyr, and
using the oxygen isotope excursion at 40.0 Ma (~33m) as a tentative
tie point, we estimate ages for the boundaries between formations. The
bottom of the section corresponds to an age of ~43Ma (42.8 Ma).
Further extrapolation of this sedimentation rate places the Cherkessk-
Keresta boundary at an age of 42.7 Ma, the Keresta-Kuma boundary at
42.1 Ma, and the Kuma-Belaya Glina boundary at 38.4Ma.

6.3. Oxygen-depleted episodes

The succession along the Belaya River shows two episodes that are
linked to intensified oxygen depletion, the lower one in the Kuma
Formation, and the upper one in the Maikop Group. If sediments show
enrichment in V but no enrichment in Mo, oxygen-depleted conditions
without free H2S in the water column are assumed. When sediments
show enrichment in both elements, euxinic conditions (i.e., oxygen
depletion accompanied by free H2S in the water column) are inferred
(Tribovillard et al., 2006).

6.3.1. Kuma Formation
The earliest oxygen-depleted episode occurs in the Kuma Formation,

which shows high TOC contents, and enrichment in both V and Mo,
indicating euxinic conditions. The TOC in the Kuma Formation of the
Belaya River is up to 6% (Sachsenhofer et al., 2018), while in the
Bakhchisaray section in Crimea, even higher values of 7.5% are re-
ported (Beniamovski et al., 2003). Although we did not find any ash
layers in the Kuma Formation along the Belaya River, many bentonites
are reported from Kuma sections both to the west (Bakhchisaray sec-
tion, Crimea; Beniamovski et al., 2003) and east (Kheu River section,
Kabardino-Balkaria; Beniamovski et al., 2003). Also in the Kura basin of
Azerbaijan, extensive ash deposits of middle Eocene age are found
(Lerche et al., 1997). Beniamovski et al. (2003) suggested that the
oxygen depletion in the Kuma Formation is linked to a high input of
nutrients caused by volcanism in the region. Numerous bentonite in-
terlayers are known in the Ezet and Kurtysh Formations of Turkmeni-
stan, and similarly aged sediments of Ustyurt (Kazakhstan) (Muzylöv,
1996). The thickness of these interlayers is up to several decimetres.
Industrial deposits of bentonites (thickness of several meters) are de-
scribed in the Oglanlyn suite in Turkmenistan (Muzylöv, 1996).
Throughout the Lutetian and Bartonian, ash accumulations are linked
to observed increases in TOC, suggesting that volcanism was linked to
increased productivity and/or preservation of organic material in the
basin (Muzylöv, 1996). The most likely candidate for this volcanism is
the Neotethys continental arc in Iran, which experiences a flare-up
stage around the middle Eocene (e.g. Verdel et al., 2011), although we
cannot exclude increased runoff as another mechanism for increasing
productivity in the Kuma basin.

The fundamental difference between the Kuma and Maikop basins is
the normal oceanic salinity of the Peri-Tethys basin, which is deduced
from planktonic foraminifera and nannoplankton data (Popov et al.,
2019a). The fact that microfauna was mainly planktonic during Kuma
deposition indicates unfavourable bottom-water conditions at times
(e.g. Popov et al., 2019a), but the oxygen depletion was interspersed by
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oxic episodes (e.g. Muzylöv, 1996; Shcherbinina and Gavrilov, 2007).
The presence of in situ molluscs (small oysters of Liostrea simplex

Desh.; Popov et al., 2019a) in the middle and at the top of the Kuma
Formation, together with benthic foraminifers and a noticeable bio-
turbation of the sediments is evidence of a periodic restoration of
bottom-water ventilation, which was favourable for benthic fauna.

6.3.2. Maikop Group: oxygen depletion and the EOT
Similar to the Kuma Formation, euxinia in the Maikop Group strata

is based on simultaneous enrichment in V and Mo and on biotic data,
but TOC contents are much lower than in the Kuma Formation: up to
2.5% for the Pshekha Formation and up to 3.5% for the Lower
Morozkina Balka subformation (Sachsenhofer et al., 2017). In addition,
the visual appearance of these sediments is markedly different from
those of the Kuma Formation.

Oxygen depletion in the Maikop Group lasted for almost 20 million
years, from the Early Oligocene until the Middle Miocene (~14.9Ma;
Palcu et al., 2019), with a few short episodes in which oxygen was
available in the water column (Sachsenhofer et al., 2017). In contrast
with the Kuma Formation, the oxygen depletion in the Maikop Group is
generally not associated with increased volcanism, and the amount of
reported ashes from literature in the Rupelian is significantly smaller
compared to the Lutetian and Bartonian (e.g. Muzylöv, 1996). Oxygen
depletion in the Maikop Group is commonly interpreted as a result of
changes in basin configuration. More specifically the change from the
Peri-Tethys, which had connections to the open ocean, to the Para-
tethys, which developed an endemic fauna in response to limited
communication. The Maikop basin was not fully marine and salinity
was unstable (e.g. Popov and Studencka, 2015; Sachsenhofer et al.,
2017). A dysoxic regime was likely the result of strong haline stratifi-
cation in the Paratethys. The limits of the Paratethys can be traced by
looking at the nature of Oligocene deposits along the borders of the
basin. Sediments of the Maikop Group were deposited around the Black
Sea and Caspian Sea, in the Lesser Caucasus the Central Kopet Dagh.
The basin was bounded by the Pontides, Lesser Caucasus and the Alborz
mountains. Connections of the Paratethys towards the south are often
interpreted through the Lesser Caucasus (Rögl, 1999), but upper Pa-
leogene connections were likely limited to the middle Priabonian, based
on biogeographical data (Popov et al., 2001, 2004a).

The connection of the Paratethys to the Atlantic and Mediterranean
through the North Alpine foreland basin (NAFB) was still open around
the EOT. This connection closed around 33.15Ma (van der Boon et al.,
2018), corresponding to halfway up the Pshekha Formation in the Be-
laya section. Restriction of the Paratethys in response to sea-level
changes around the EOT must thus have been related to limitation of a
large gateway, after which only relatively small gateways remained
open. This restriction then limited ventilation of the basin, leading to
basin-wide low oxygen conditions, while the marine character of the
Paratethys was kept intact. Only when remaining connections became
closed or significantly reduced in size, did the marine character dis-
appear, the basin become brackish and endemic fauna develop. The
Paratethys showed the first endemic, brackish fauna during the Sole-
novian in nannoplankton zone NP23 (Popov and Studencka, 2015),
which corresponds to the interval around the Polbian bed in the Belaya
section. We assume that the closure or a significant decrease in the
depth of the connection with the North Atlantic through Poland, Ger-
many and Denmark may have led to almost complete isolation of the
Paratethys during the Solenovian. During the Chattian this connection
was restored, since the Late Oligocene fauna of Paratethys (as well as
the Early Oligocene), closely resembles the benthic fauna of North Sea
basins. Mediterranean species in the Paratethys began to appear only
from the beginning of the Miocene (Popov et al., 2004b).

7. Conclusions

The sedimentary succession along the Belaya River in Adygea,

Russia provides a continuous record of sediments from the middle
Eocene up into mid-Rupelian (Solenovian), recording sedimentation
through an interval with important climatic events. A middle Eocene
age for the lower part of the succession is established mainly from
calcareous nannoplankton biostratigraphy. Magnetostratigraphy for the
lower part of the section up to the boundary of the Maikop Group could
not be reconstructed, due to the low quality of magnetic signals.
Magnetostratigraphy in the Maikop Group shows a normal polarity
chron for the base of the Maikop, together with nannoplankton char-
acteristic of zone NP21. We thus interpret this normal polarity zone to
correspond to C13n. The base of the Maikop Group is close to the
Eocene-Oligocene boundary. However, as the Eocene-Oligocene
boundary occurs in a reversed interval, the base of the Maikop Group
does not correspond exactly to the EOB. Furthermore, we do not find a
long reverse polarity zone underneath the Maikop Group, due to the
low quality of the magnetic signals, and the bottom of C13n is thus
unconstrained. We hypothesise that the base of the Maikop Group
slightly postdates the Oi-1 sea-level drop of approximately 50–60m,
based on the occurrence of shallow water benthic molluscs and echi-
noid remains that indicate a sudden shallowing in the top of the Belaya
Glina Formation. Reconstructing the polarity pattern for the
Polbian–Lower Morozkina Balka interval is complicated by gaps in the
succession, low quality of magnetic signals and absence of nanno-
plankton data for parts of the succession. The succession along the
Belaya River shows two oxygen-depleted episodes, the lower one in the
Kuma Formation and the upper one in the Maikop Group. Low oxygen
conditions in the Kuma Formation are possibly linked to volcanism in
the Neotethys region, although no bentonites are found in the Belaya
section. Oxygen depletion in the Maikop Group lasts for almost 20
million years, and is likely linked to a semi-closed basin configuration
with sharp haline stratification.
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